University of Wollongong

Research Online
Faculty of Science, Medicine & Health - Honours
Theses

University of Wollongong Thesis Collections

2016

Influence of entrance regime on vegetation profiles and carbon storage in
south-eastern New South Wales ICOLLs
Kieren J. Northam
Follow this and additional works at: https://ro.uow.edu.au/thsci
University of Wollongong
Copyright Warning
You may print or download ONE copy of this document for the purpose of your own research or study. The University
does not authorise you to copy, communicate or otherwise make available electronically to any other person any
copyright material contained on this site.
You are reminded of the following: This work is copyright. Apart from any use permitted under the Copyright Act
1968, no part of this work may be reproduced by any process, nor may any other exclusive right be exercised,
without the permission of the author. Copyright owners are entitled to take legal action against persons who infringe
their copyright. A reproduction of material that is protected by copyright may be a copyright infringement. A court
may impose penalties and award damages in relation to offences and infringements relating to copyright material.
Higher penalties may apply, and higher damages may be awarded, for offences and infringements involving the
conversion of material into digital or electronic form.
Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily
represent the views of the University of Wollongong.

Recommended Citation
Northam, Kieren J., Influence of entrance regime on vegetation profiles and carbon storage in southeastern New South Wales ICOLLs, BEnvSci Hons, School of Earth & Environmental Science, University of
Wollongong, 2016.
https://ro.uow.edu.au/thsci/136

Research Online is the open access institutional repository for the University of Wollongong. For further information
contact the UOW Library: research-pubs@uow.edu.au

Influence of entrance regime on vegetation profiles and carbon storage in southeastern New South Wales ICOLLs
Abstract
Estuarine vegetation is recognised for its ability to mitigate climate change through carbon sequestration
and storage. Within Intermittently Closed and Open Lakes and Lagoons (ICOLLs), cycles of wetting and
drying of estuarine vegetation, related to entrance opening and closure (regime), cause changes in
vegetation composition and distribution. The influence of entrance regimes on estuarine vegetation and
carbon storage has not been widely investigated. Previous studies have focused on carbon storage within
open estuaries and tend to ignore spatial variation in estuarine vegetation and, in the case of ICOLLs, the
impacts of intermittent entrance regimes on carbon storage.
This study aims to establish how different entrance regimes influence estuarine vegetation and
associated carbon storage within four NSW ICOLLs. The entrance regime was identified, and the
structural and spatial variation in estuarine vegetation was delineated. This was complemented with a
soil carbon assessment, which allowed for comparisons between vegetation zones and ICOLLs. Results
showed considerable variation in carbon storage both within, and between, the studied ICOLLs. Carbon
storage was related to vegetation zones, which varied considerably due to individual characteristics of
each ICOLL, including the entrance regime. The relative contribution of vegetation zones to carbon
storage was identified, showing substantial carbon storage within Casuarina and/or Melaleuca vegetation
zones, a largely unstudied area throughout the literature. The study showed that generalising carbon
storage within an estuary or between estuaries may be erroneous due to the high carbon variability within
ICOLLs. The study makes a number of recommendations relating to ICOLL management and policy.
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Abstract
Estuarine vegetation is recognised for its ability to mitigate climate change through carbon
sequestration and storage. Within Intermittently Closed and Open Lakes and Lagoons (ICOLLs),
cycles of wetting and drying of estuarine vegetation, related to entrance opening and closure (regime),
cause changes in vegetation composition and distribution. The influence of entrance regimes on
estuarine vegetation and carbon storage has not been widely investigated. Previous studies have
focused on carbon storage within open estuaries and tend to ignore spatial variation in estuarine
vegetation and, in the case of ICOLLs, the impacts of intermittent entrance regimes on carbon storage.
This study aims to establish how different entrance regimes influence estuarine vegetation
and associated carbon storage within four NSW ICOLLs. The entrance regime was identified, and the
structural and spatial variation in estuarine vegetation was delineated. This was complemented with a
soil carbon assessment, which allowed for comparisons between vegetation zones and ICOLLs.
Results showed considerable variation in carbon storage both within, and between, the studied
ICOLLs. Carbon storage was related to vegetation zones, which varied considerably due to individual
characteristics of each ICOLL, including the entrance regime. The relative contribution of vegetation
zones to carbon storage was identified, showing substantial carbon storage within Casuarina and/or
Melaleuca vegetation zones, a largely unstudied area throughout the literature. The study showed that
generalising carbon storage within an estuary or between estuaries may be erroneous due to the high
carbon variability within ICOLLs. The study makes a number of recommendations relating to ICOLL
management and policy.
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Chapter One: Introduction
1.1

Study context
Estuaries are common features around the globe and display various characteristics. They are

found where rivers merge with the ocean and are influenced by fluvial and catchment inputs, as well
as tides and waves. Globally, estuaries are found along most coastlines and are important
economically, socially and environmentally. They provide important breeding grounds for fish,
protect coastlines from storm events and are an important source of carbon storage (Barbier et al.
2011).
Estuarine vegetation comprises seagrass, mangrove, saltmarsh as well as, Casuarina and
Melaleuca species and represents an important coastal environment. The environmental value of these
systems is summarised in Table 1
Table 1: Processes, goods and services provided by estuaries; table adapted from Barton and Sherwood (2004).

o
o
o
o

Processes
Hydrological storage
Biological productivity
Biogeochemical cycling
Biological diversity
– including habitat(s) and
breeding grounds/nurseries

o
o
o
o

Goods
Food
Medicinal plants
Tourism
Recreation

o
o
o
o
o

Services
Climate regulation
Carbon sequestration
(air cleansing)
Water cleansing
Pollutant
detoxification
Sediment accretion

Importantly, estuarine vegetation acts as a carbon sink, sequestering carbon from the
atmosphere via photosynthesis (Mcleod et al. 2011) which is then stored within living biomass (above
and below ground), non-living biomass and soils. The environment in which estuarine vegetation is
found makes them highly efficient at storing carbon. Carbon in these systems is referred to as ‘blue
carbon’ and represents a significant global sink which stores considerably more carbon per unit area
compared to terrestrial ecosystems (Figure 1; Mcleod et al. 2011; Thomas 2014). Consequently, blue
carbon has become a focus for management policies as it represents a viable means of climate change
mitigation. Additionally, soil carbon sequestration provides a host of benefits, such as restoring
degraded soils, purifying surface and ground water and enhancing biomass production (Lal 2004).
Importantly, blue carbon, if left undisturbed, remains within estuarine systems for centuries to
millennia, making them valuable long term carbon sinks. Losses in estuarine ecosystems, however,
have caused significant declines in total blue carbon on a global scale.
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Figure 1: Mean long term global carbon sequestration rates (g C m-2 yr-1) in both terrestrial forests and estuarine
vegetation. Error bars indicate maximum rates of accumulation, y-axis is a logarithmic scale (Mcleod et al. 2011).

An Intermittently Closed and Open Lake or Lagoon (ICOLL) represents a specific type of
barrier estuary which is periodically connected to the ocean. ICOLLs evolve through the deposition of
marine sands, which form a barrier across an estuary mouth (Haines 2008). This barrier prevents
ongoing tidal exchange with the ocean. The intermittent opening and closure of this barrier, known as
the entrance regime, makes ICOLLs a unique form of estuary. ICOLLs are common within Australia
and are concentrated within south-eastern New South Wales (NSW) (Haines et al. 2006). This
concentration of ICOLLs is due to smaller catchment sizes caused by proximity to the Great Dividing
Range, as well as a high wave energy and a low rainfall climate. This intermittent opening and closure
has important implications for the ecosystems within ICOLLs, which are recognised as one of the
most sensitive estuarine ecosystems due to the entrance regime (Morris & Turner 2010). The
ecological communities within these systems have adapted to the entrance regime and accompanying
environmental conditions.
Estuaries are popular locations for coastal developments due to their high visual and
recreational appeal. Development around ICOLLs often results in degradation of the waterway, as
pollutant loads increase and natural processes are modified (Haines 2008). Within NSW, there is a
significant concentration of coastal developments around ICOLLs (Roy et al. 2001), such that only
one ICOLL (Nadgee Lake), is considered to be in pristine condition (Haines 2008). The proximity of
developments to ICOLLs means that a significant number of entrances are artificially opened to
prevent flooding of assets and maintain favourable conditions. The need for artificial opening is a
function of community pressure, commercial requirements and estuary health (Stephens & Murtagh
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2012). The degree of entrance management is ICOLL specific and ranges from occasionally open
entrances to permanently trained entrances where breakwaters prevent closure. Management of these
systems needs to balance the environmental, economic and social factors which are often considered
under unique estuary management plans.
Despite their concentration along the NSW coastline, ICOLLs remain relatively understudied
and their ecological responses to entrance regimes are not well known. Previous studies have focused
on the morphology and ecology of estuaries, as well as on the estuarine vegetation and carbon storage.
Studies have considered estuary and ICOLL geomorphology (Boyd et al. 1992; Heap et al. 2001; Roy
et al. 2001; Harris et al. 2002; Haines et al. 2006), the importance of ICOLL entrances (Ranasinghe &
Pattiaratchi 2003; Baldock et al. 2008; Morris & Turner 2010; Perry 2014) and ICOLL ecology (Dye
& Barros 2005b; Dye & Barros 2005a; Hadwen & Arthington 2006). Additionally, management of
estuarine systems, including specifically ICOLLs has been studied (Haines 2004; Haines 2008;
Stephens & Murtagh 2012). No previous studies, however, have assessed the ability of ICOLLs to
store carbon, as these studies have generally focused on more open estuaries (Chmura et al. 2003;
Mcleod et al. 2011).

1.2

Aims and objectives
This study examines the relationship between the entrance regime of an ICOLL and, its

vegetation communities and carbon storage. It aims to establish whether entrance management
practices for ICOLLs influence blue carbon storage. The objectives of this study are to:
1. Map the vegetation structure of estuarine vegetation within select NSW ICOLLs;
2. Quantify below ground carbon storage;
3. Determine if there is a relationship between an ICOLL’s entrance regime, estuarine
vegetation distribution and composition, and carbon storage.
4. Inform appropriate management responses to the need for artificial openings.
Based on the study aims and objectives, the following hypotheses were developed:
1. The management of ICOLL entrances will cause water levels to be lower than natural
breakout levels, leading to a terrestrialisation of vegetation, particularly in the higher
elevation areas of coastal wetland, which will, in turn, influence carbon storage.
2. ICOLLs with more open entrances will exhibit differences in their vegetation communities
and carbon storage compared to more closed entrances.
3. There is a relationship between the frequency of entrance opening and the vegetation and
carbon storage within NSW ICOLLs.
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1.3

Significance of this research
This study focuses on the impact of entrance regimes on vegetation and carbon storage within

select NSW ICOLLs. The research presented here provides additional information about the
management of selected NSW ICOLLs and the ability of these systems to act as carbon sinks.
Importantly, when assessing vegetation composition and distribution, this study aims to create a
baseline from which further changes can be measured. This is an important step in understanding the
impacts of the entrance regime over time, as any declines in the extent of estuarine vegetation may
indicate a decline in the ecosystem services provided (Creese et al. 2009). Previous studies on carbon
storage have often relied upon extrapolation of limited data, inadequately accounting for structural
complexity within vegetation and at a coarse resolution which is then generalised over an entire
region. By focusing on four ICOLLs, this study aims to provide greater detail than previous studies on
a site by site basis.

1.4

Thesis structure
Relevant literature as well as the approaches undertaken and analyses of the results are

presented in the following chapters. Literature focusing on ICOLL morphology, entrance regimes,
estuarine vegetation and blue carbon are reviewed in Chapter Two. The regional setting including a
list of study sites and their important characteristics are described in Chapter Three, while the
methods used in this study are outlined within Chapter Four. This is followed by the results in Chapter
Five. Chapter Six discusses the findings of this study, which are presented with reference to the
hypotheses proposed. This is followed by the conclusions and recommendations in Chapter Seven.
Finally, the appendices contain additional information specific to, but not included in the body of the
thesis.

4

K Northam (2016)

Chapter Two: Literature Review
This chapter summarises literature related to the entrance conditions of Intermittently Closed
and Open Lakes or Lagoons (ICOLLs) and their impact on coastal wetlands and carbon storage.
ICOLLs are important features on the NSW coastline and their coastal wetlands provide a means of
climate change mitigation through carbon storage, as well as a number of other ecosystem services.
This chapter has been separated into four main sections. Section one (2.1) places ICOLLs
within a broader estuary context and defines their unique features. Section two (2.2) examines
estuarine vegetation and how the entrance regime of an ICOLL influences its distribution and
composition. Section three (2.3) examines blue carbon and the importance of these systems in
mitigating atmospheric CO2. Finally, section four (2.4) analyses the approaches available to assess the
aims of this project.

2.1

Estuary morphology
In order to understand the relationship between vegetation and carbon storage, current

conditions can be inferred from their geological evolution and estuary classifications. Throughout the
literature, estuaries have been defined in a number of different ways with earlier definitions not
including scope for intermittently open entrances.

2.1.1 Defining an estuary
There are several definitions for an estuary that do not adequately characterise ICOLLs.
Estuary definitions are based on an estuary’s morphology, present conditions, vegetation, salinity or
hydrological regime. Given the range of estuary characteristics and morphology, defining an estuary
is somewhat of a grey area (see Potter et al. 2010; Scanes et al. 2014). From a scientific and
management perspective there is a need to establish a common system of classifying estuarine
habitats while still taking into account the range of estuaries which exist (Elliott & McLusky 2002).
One of the earliest and most widely accepted definitions of an estuary was proposed by Pritchard
(1967). Pritchard (1967) considered estuaries to be semi-enclosed coastal water bodies with a free
connection to the ocean and containing ocean water which has been diluted by freshwater derived
from the land. This definition, however, does not take into account the range of estuary morphologies
which exist, and is based upon estuaries which are largely fluvially influenced. Alternative
definitions, define estuaries as a point of fluvial and marine sediment inputs, influenced by the tidal,
wave and fluvial processes (Dalrymple et al. 1992). Barrier estuaries and lagoons, however, which are
common along the New South Wales (NSW) coastline, are not accounted for in this definition.
Consequently, the accepted definition by the NSW Government and this project, which incorporates
ICOLLs, is that estuaries are any “semi-enclosed body of water having an open or intermittently open
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connection to the ocean, in which water levels vary in a predictable, periodic way in response to ocean
tide at the entrance” (NSW Government 1992, p. 31).

2.1.2 Characteristics of estuaries within south-eastern Australia
Along the NSW coastline, estuaries are common features. Roper at al. (2011) identified 184
estuaries which were selected based on their size exceeding a specified area. Estuaries display various
morphologies with several key differences that inform classification. These morphologies are a
function of wave, tidal and fluvial inputs, all of which are dependent upon boundary conditions
(factors influencing the shape of the estuary, including sea level and geological inheritance; Roy
1984; Roy et al. 2001). South-eastern Australian estuary morphologies have been classified by Roy et
al. (2001) who categorised estuaries as tidally dominated drowned valleys and embayments (Figure
2a.), wave dominated (Figure 2b & c.) or river dominated (Figure 2d.). Estuary morphology on the
NSW coastline is largely dominated by a south-eastern wave regime. This has important implications
for the estuary entrance which is a function of the sediment supply and nature of the embayment
under a constant wave regime (Roy et al. 2001).

Figure 2: New South Wales estuary morphologies. Fluvial influence increases as tidal influence decreases (from a to d).
Figure 2c represents a typical ICOLL morphology. Adapted from Roy et al. (2001).

Estuary classifications (Boyd et al. 1992; Roy et al. 2001; Harris et al. 2002) typically identify
different states of maturity and the dominant morphology. This maturity has important implications
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for evolutionary progression and is linked to the vegetation distribution. Early classifications, such as
Roy (1984), grouped estuaries based on their geomorphology. From a geological perspective, NSW
bed rock valley evolution occurred over millions of years, during which various cycles of infilling and
excavation from sea level changes occurred, related to glacial and interglacial cycles (Roy 1984).
Expanding on this work, more recent classifications proposed that the degree of infilling can be used
as a proxy for evolutionary progression (maturity; Roy et al. 2001). As estuaries mature and
progressively infill due to sedimentation, they follow similar evolutionary pathways regardless of
their morphology. This sedimentation of estuaries is linked to differences in hydrology, substrates,
estuarine habitats and nutrient cycling (Roy et al. 2001; Rogers et al. 2013).
All estuaries progressively infill as sediment is captured, which leads to a decline in water
area and depth, predominately within the floodtide delta, fluvial delta and central basin (Roy 1984).
Wave action at the entrance delivers marine sediments to the estuary. These sediments typically
comprise the barrier and floodtide delta. In addition, infilling occurs as rivers deliver terrigenous
sediments which comprise the alluvial floodplains and fluvial deltas (Roy et al. 2001). Within fluvial
settings, sediment infilling is dependent upon the rate of sediment supply, which, in turn, is influenced
by catchment land use and disturbance (Haines 2008). The central mud basin comprises both marine
and terrigenous sediments, which are typically fine grained. Associated with ongoing infilling, a
gradual ‘terrestrialisation’ of coastal wetlands occurs, causing coastal wetland vegetation to move
progressively coastwards (Woodroffe et al. 2016). This has important implications for estuarine
vegetation and associated carbon storage and will be discussed in Section 2.2 & 2.3.

2.1.3 Coastal barrier formation and effects on estuarine processes
Coastal barriers are depositional features which limit tidal and fluvial exchange and are
formed primarily by wave energy. The wave dominated nature of south-eastern NSW means that
waves are responsible for the erosion and deposition of sediment along the coast. Coastal barriers
comprise marine sands and are depositional features, forming elongate shore parallel bodies (Boyd et
al. 1992). These barriers consist of dunes, tidal deltas, spits and berms which act to protect back
barrier environments from wave energy (Baldock et al. 2008). Coastal barriers develop due to the
deposition of marine sand on the beach face and berm (Figure 3; Hanslow et al. 2000).
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Figure 3: Cross section of an ICOLLs entrance barrier. Sediment deposition occurs on the beach face and berm from wave
run-up (Hanslow et al. 2000).

The coastal barrier is important as it restricts entrance width, which in turn limits tidal and
fluvial exchange. Two mechanisms of barrier formation have been proposed, based on incident wave
direction (Figure 4; Ranasinghe & Pattiaratchi 2003). In the first mechanism, obliquely striking waves
cause longshore transport of sand, forming spits across coastal inlets and embayments. These
entrances close if outflows cannot maintain an open channel (Haines 2006). An alternate mechanism
of barrier formation occurs from onshore sediment transport (Ranasinghe & Pattiaratchi 2003).
Parallel breaking waves deposit sand, which had previously been eroded, onto the beach. This chokes
the entrance and forms a barrier. These differences highlight the importance of the wave direction on
entrance formation. In both cases, sand is entrained during wave run-up and deposited on the beach
face and crest in a process known as sediment over-wash (Figure 3; Hanslow et al. 2000; Baldock et
al. 2008). Tides also influence barrier formation, determining if deposition occurs horizontally or
vertically.

Figure 4: Schematic of the two mechanisms of estuary (inlet) closure (Ranasinghe & Pattiaratchi 2003).

Due to the highly compartmentalised nature of the south-eastern NSW coastline, coastal
barrier formation is limited. In comparison, Australia’s northern coastline typically has long sandy
beaches and extensive barrier development (Short & Hesp 1982). For the southern NSW coastline,
headlands create embayed bedrock compartments on the coastal shelf which limit sediment supply to
local sources (Roy & Stephens 1980). Without a large sediment supply the ability for coastal barriers
to form is limited (Roy et al. 2001). Historically, the closure of many southern NSW estuary entrances
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occurred during Holocene sea level stabilisation around 6000 years ago (Sloss et al. 2007). This
enabled marine sands to block natural coastal inlets and bedrock embayments, creating a lake or
lagoon which periodically opens to the ocean (Haines & Thom 2007). These systems represent a
specific type of estuary known as an ICOLL.

2.1.4 Intermittently Closed and Open Lakes or Lagoons (ICOLLs)
The term Intermittently Closed and Open Lake or Lagoon (ICOLL) describes a specific type
of barrier estuary, which, rather than exhibiting a permanent connection to the ocean, is periodically
connected. These systems represent a specific group of wave dominated barrier estuaries (Figure 2c).
ICOLLs exhibit complex ecologies due to their highly variable hydrology and geomorphology,
compounded with variable entrance opening duration and frequency (Dye & Barros 2005b; Dye &
Barros 2005a). Throughout NSW, over 90 of the 184 NSW estuaries classified by Roper et al. (2011)
are ICOLLs, with a large proportion located on the south coast. This concentration of ICOLLs is
primarily due to the proximity of the Great Diving Range which limits catchment sizes to <100 km2
reducing catchment runoff (Haines 2006; Haines & Thom 2007). Low fluvial inputs, combined with
a dominant south-east longshore drift causes entrances to close. Globally, ICOLLs are common in
high wave energy, micro-tidal environments, where fluvial inputs are small or highly variable
(Hinwood & McLean 2015). Global examples of ICOLLs are found in South Africa (called
Temporarily Open/Closed Estuaries - TOCEs), South America, New Zealand, southern India, USA,
Mexico and Brazil (Hadwen & Arthington 2006; Haines 2008; Hinwood & McLean 2015).
ICOLLs exhibit an inter-related network of physical, chemical and biological processes which
have important implications for estuarine ecosystems. Haines (2008) attempted to conceptualise the
connections between the biophysical processes operating within ICOLLs (Figure 5). Importantly,
Figure 5 demonstrates that the majority of ICOLL processes are dependent upon the entrance
conditions, which, in turn, influence water quality, tidal exchange and vegetation composition (Haines
2006; Haines 2008). The impacts of artificial entrance management have been highlighted within
Figure 5. The biophysical processes within ICOLLs are also connected, and if disturbed can cause
reduced ecosystem health and water quality (Lill et al. 2013). ICOLLs are also influenced by climate
and salinity which have an important influence on floristic composition, delivery of sediment to the
coast, catchment hydrology and the nature of adjacent terrestrial vegetation (Woodroffe et al. 2016).
Overall, the interconnected pressures within ICOLLs make them highly complex and dynamic
systems.
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Figure 5: Network based conceptual model of environmental processes in ICOLLs, grey shaded cells represent anthropogenic activities and the flow on impacts of artificial entrance opening
Adapted from Haines (2008).
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The confined nature of ICOLLs means that they are highly effective sediment traps, capturing
the majority of catchment runoff (Woodroffe 2002; Baldock et al. 2008). Within an ICOLL, the
degree of infilling determines the distribution and composition of vegetation and carbon sequestration
(Section 2.2, 2.3). This process of infilling means that ICOLLs comprising a small water area relative
to catchment area are typically more geologically mature (Haines et al. 2006). Furthermore, ICOLL
depth, which has important implications for several biological processes including seagrass habitats,
was recognised as a secondary proxy for maturity (Haines et al. 2006). This assessment of ICOLLs
supports the work by Roy et al. (2001).

2.1.5 ICOLL opening and closure
The entrance regime of an ICOLL is considered to be the most important factor influencing
ICOLL processes and is the key difference when compared to other estuary types. ICOLL entrances
are sensitive, complex and important features in coastal environments (Morris & Turner 2010), acting
as the point of exchange between fluvial waterways and ocean processes. Within an ICOLL, there are
two markedly different regimes which depend on whether the entrance is open or closed (Table 2;
Ranasinghe & Pattiaratchi 2003). The process of entrance opening and closure, including any artificial
openings, is defined here as the entrance regime.
Table 2: Processes operating within ICOLLs during entrance opening and closure.

Open ICOLL Entrance

Closed ICOLL Entrance

Dominant hydrology:

Regular tidal behaviour.

Becomes a reservoir.
hydrology dominated by runoff,
rainfall, percolation and
evaporation (Figure 7).

Triggers (processes which
cause a change in entrance
conditions):

Sediment deposition due to
wave transport and tidal
currents, limited fluvial inputs.

Rising water levels from
catchment floodwaters, artificial
opening, wave scour, wave over
wash.

Typical climatic conditions:

High rainfall periods/events or
large overwash events.

Drought or extended low
rainfall conditions.

In general, the natural condition of the entrance is a balance between (Haines & Thom 2007; Haines
2008):


Wave climate of the ocean including littoral sand transport;



Tidal inflows and outflows; and



Intermittent discharge of catchment floodwaters.

Notably, these processes are responsible for both the opening and closure of the entrance, with ebb
tides and catchment floodwaters responsible for channel opening through entrance scour (Haines
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2008). During periods of high fluvial input, entrances are likely to open and the period of time that the
entrance remains open is extended. Wave action, however, reduces ICOLL opening times, depositing
sediment at both the entrance and tidal deltas.
There are several factors which cause entrances to open, all of which cause an ICOLL to
become tidally influenced (Table 2; Hinwood & McLean 2015). The most common reason for
entrance opening is rising water levels from catchment inputs. This is a natural form of opening in
which catchment inputs cause water levels to overtop the entrance barrier and drain to the ocean
(Haines & Thom 2007; Hinwood & McLean 2015). Once overtopped, scouring of the barrier rapidly
occurs, creating an entrance channel (Figure 6; Haines & Thom 2007). If the ICOLL basin is perched,
it may be completely drained, which has significant implications for the estuarine vegetation
(Schallenberg et al. 2010). Once open, tidal and wave exchange occurs within the ICOLL. A high
tidal range assists in maintaining an open entrance through an increased passage of water though the
channel. Marine flood tide deltas are highly dynamic within ICOLLs due to entrance breaching. They
are frequently depleted, replenished, and dependent on sediment deposition from wave and tide
processes (Ranasinghe & Pattiaratchi 2003; Haines 2006).

Figure 6: Entrance channel at Lake Wollumboola, photo by Kieren Northam.

Entrance opening occurs both naturally and artificially. While entrances typically open due to
catchment inputs, alternate mechanisms for natural opening takes place due to wave scour and wave
over-wash, which raises the mean water level (MWL; Riddin & Adams 2010). ICOLLs with higher
levels of catchment development, especially within low lying areas, are often artificially opened
before the water levels naturally overtop the entrance berm. This is known as artificial opening and
the ramifications have been highlighted in the conceptual model (Figure 5). Consequently, artificial
openings are defined as any opening on an ICOLL entrance which occurs as the result of human
intervention.
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The period of time for which ICOLLs remain open varies considerably, ranging from an
always open coastal estuary to a theoretically always closed lagoon within no exchange with the
nearby ocean (Haines 2008). If an ICOLL’s MWL is not sufficient to create channel scour, and the
ICOLL’s storage and fluvial inputs are inadequate, entrance openings are unlikely. Any entrance
opening that does occur will rapidly close. This is often the case for artificial openings in which lower
water levels do not enable a large entrance channel to be established. Unlike artificial openings, under
a natural entrance regime, opening and closure is less frequent and over longer durations
(Schallenberg et al. 2010; Whitfield et al. 2012; Ribeiro et al. 2013; Perry 2014). Accordingly, this
has important implications for vegetation as artificial opening may not cause long term channel
flushing and alter the natural opening cycle for an ICOLL (Stephens & Murtagh 2012).
Entrance closure occurs as the tidal prism and fluvial flows are no longer able to maintain an
open entrance. The entrance becomes constricted as sand is deposited from wave transport and/or tidal
currents within the entrance channel or flood tide delta. This reduces the tidal prism and promotes
additional sediment deposition, which eventually closes the entrance (Baldock et al. 2008; Stephens &
Murtagh 2012; Hinwood & McLean 2015). Following closure, the coastal berm rapidly develops on a
day by day basis, with the rate of deposition declining over time as waves less frequently overtop the
berm (Hanslow et al. 2000). Within NSW, ICOLLs tend to remain mainly closed unless one or more
of the following criteria are met (Haines 2006; Haines 2008):


The catchment is larger than 100 km2. This typically means that baseline catchment inputs
will be too high for the entrance to close;



The entrance is exposed to ocean swell waves at a direction more than 60o. Smaller angles
cause the entrance to receive a greater amount of sediment though long-shore sediment
transport;



The channel contains geomorphic controls such as bedrock features. This impacts sediment
deposition, promotes entrance opening and assist with maintaining an open entrance, and;



Sufficient volume of catchment runoff accumulates to overtop the entrance barrier.

Once closed, ICOLLs are cut-off from the ocean and behave similar to a terminal lake (Haines 2006).
There is however, groundwater exchange that occurs as seepage through the barrier (Sadat-Noori et
al. 2016) as well as, loss of water through evaporation (Figure 7).
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Figure 7: A typical closed ICOLL, arrows indicate main sources on input and output. Figure adapted from Whitfield et al.
(2008).

During closure, water levels are dominated by freshwater inflows, groundwater seepage and
evaporation (Figure 7; Haines 2008; Schallenberg et al. 2010). Associated with closure is an increased
risk of flooding and a lowering of water quality (Morris & Turner 2010). During this time, catchment
inputs are particularly important. Extreme and prolonged drought conditions have previously caused
significant entrance shoaling in ICOLLs, closing entrances which were previously thought to be
permanently open (Creese et al. 2009). Overall, closure is significantly more likely during drought
conditions and conversely opening occurs during high rainfall periods (Haines 2006). As a result, the
ability to predict the frequency and duration of opening requires an extended record of meteorological
conditions.

2.1.6 Entrance opening/closure classifications
Classification of ICOLL entrance regimes is important as it enables assessment of the
frequency and duration of opening/closure as well as identification of the proportion of artificial
openings to natural openings. Previous studies have classified entrance regimes based upon, if
opening/closure is predictable (i.e. on a seasonal basis), the duration of opening, or, on the proportion
of artificial to natural openings.
The timing of entrance opening and closure provides two general categories (Morris & Turner
2010):


Seasonally opened inlets, generally found in areas with a distinct seasonal rainfall pattern
(Ranasinghe & Pattiaratchi 2003; Barton & Sherwood 2004); and



Irregular, non-periodic openings which are common in temperate regions where there is no
distinct seasonal rainfall and coasts are micro-tidal (Haines 2006; Morris & Turner 2010;
Perry 2014).
Within south-eastern Australia, ICOLL entrance regimes are irregular and non-periodic

(Haines 2006; Perry 2014). Accordingly, more detailed classifications have been undertaken to
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determine differences between individual ICOLLs. In order to quantify typical entrance regimes
within NSW, Haines (2006) developed an Entrance Closure Index (ECI). The ECI is based upon the
historical entrance record and represents the degree of openness of an ICOLL. Analysis of the ECI
reveals two main groups, those which are generally closed, with brief openings, and those which are
generally open, only closing occasionally (Haines 2006; Hinwood & McLean 2015). Within NSW,
70% of ICOLLs are mainly closed (Haines & Thom 2007). While Haines (2006) did not complete an
ECI for all NSW ICOLLs, this assessment provides an indication of typical entrance regimes found
along the coastline (Figure 8).

Figure 8: Entrance Closure Index (ECI) for 70 NSW ICOLLs showing proportion of time that the entrance is closed (Haines
2006).

Although ECI provides an indication of the entrance regime, it is important to recognise that
ECI values are dependent on meteorological and climatic conditions and vary due to changes in both
(Haines 2006). One limitation of ECI is that it does not provide an indication of opening frequency,
which has important implications for vegetation (see Section 2.2). Nor, does ECI consider the impacts
of artificial openings. Additionally, the ECI relies upon historical entrance records, potentially
overlooking long term meteorological conditions and resulting in a skewed representation. Despite
these limitations, ECI represents a quick and useful way of differentiating between ICOLLs.
An alternative assessment of the entrance regime has been completed by Perry (2014) who
collected evidence of past openings through analysis of water levels (Figure 9). This assessment
enabled a distinction between the artificial and natural openings and also considered the duration of
opening and closure. Consequently, unlike the ECI, this assessment enables more managed ICOLLs
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to be easily identified. It also provides an indication of which ICOLLs may display changes to their
vegetation profiles due to artificial opening.

Figure 9: Natural and artificial openings for select NSW ICOLLs as of June 2014 (Perry 2014).

ICOLL entrance classification is important as it enables entrance regimes to be easily
identified. Differences in classification depend upon the chosen method, the most suitable of which,
may depend upon the desired outcome. Classification of these systems has important implications for
the ability to assess and manage the ecology within these systems through understanding of the
entrance regime.

2.1.7 ICOLL management and mandates
From a management perspective, ICOLLs are considered to be some of the most fragile
estuarine environments. Accordingly, ICOLL management is multifaceted and needs to be considered
by members of the community, across levels of government, as well as within a research context
(HRC 2002). Relevant policy needs to cater for entrance conditions, sediment and nutrient load,
catchment management, resilience of existing ecosystems, as well as economic and social interests.
This requires understanding of the physiochemical processes, patterns of inundation, pollution,
nutrient fluxes, sedimentation and biological influences (Barton & Sherwood 2004; Thom 2004).
Coastal managers in south-eastern NSW have a complex management and planning framework,
which is further exacerbated by the concentration of ICOLLs along the NSW south coast and the
unique nature of each ICOLL (Hinwood & McLean 2015).
Management of estuaries and ICOLLs within NSW is covered under several policies and
instruments. As of writing, coastal reforms are being undertaken to update the legislative and
regulatory framework. These reforms involve replacement of the NSW Coastal Protection Act (1979)
with the NSW Coastal Management Act (CMA, 2016). The reforms also include the introduction of a
new coastal management manual and Coastal Management State Environmental Planning Policy
(SEPP), which will repeal the Coastal Wetlands SEPP, the Littoral Rainforests SEPP and the Coastal
Protection SEPP. Current management of estuaries, before the reforms, is covered by the NSW
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Coastal Policy (1997) which includes guidelines for preparing for coastal zone management plans
(2013) and relevant SEPPs (Haines 2006; OEH 2015). Specifically, ICOLL management is influenced
by Coastal Zone Management Plans (2013) under the NSW Coastal Policy (1997), which also
includes the NSW Estuary Management Policy (1997). Seagrass and mangroves are protected under
the Fisheries Management Act (1994) where they are classified as “protected marine vegetation”
(Creese et al. 2009), while saltmarsh, Casuarina and Melaleuca are listed as Endangered Ecological
Communities under the NSW Threatened Species Conservation Act (1995).
The purpose of the CMA is to “manage the coastal environment of New South Wales in a
manner consistent with the principles of ecologically sustainable development for the social, cultural
and economic well-being of the people of the State” (Coastal Management Act 2016 Pt 1 (3)). The
CMA divides the coastal zone into four coastal management areas, describing the management
objectives for each area:


The coastal wetlands and littoral rainforests area,



The coastal vulnerability area,



The coastal environment area, and



The coastal use area.

These zones aim to ensure that councils apply the appropriate development controls and management
tools. Additionally, the new coastal management manual aims to provide step by step guidance for the
development of a coastal management program, assisting councils to meet the requirements of the
CMA. The NSW Coastal policy (1997) remains a guiding policy informing management of the
coastline including estuaries.
Current management of estuaries is primarily driven by guidelines for preparing for coastal
zone management plans, which develop a Coastal Zone Management Plan (CZMP), previously
known as an Estuary Management Plan (EMP), for each estuary under the NSW Coastal Policy
(1997). CZMPs are created by Local Governments through estuary management committees and are
driven by community pressure and perceived management needs by both local and state authorities
(Haines 2006; Stephens & Murtagh 2012). They contain guidelines for management strategies and the
specific needs of an estuary including: entrance management, damage mitigation, water quality,
threshold levels, threatened species, breeding grounds, and anthropogenic impacts. Importantly for the
context of this study, CZMPs detail water level thresholds for which artificial opening can be
commenced. CZMPs may contain an entrance management policy which assigns a trigger value,
referenced to the Australian Height Datum (AHD). Trigger values are often chosen to represent the
maximum height water levels can reach before it encroaches on low-lying developments, utilities or
infrastructure (see for example Kinhill Pty Ltd 2000; Spurway & Associates Pty Ltd 2005;
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Shoalhaven City Council 2012). When water reaches a predetermined threshold, artificial opening by
bulldozing or dredging is completed by local council, alleviating flooding risk for development or
land use and improving water quality (Dye & Barros 2005b). Artificial opening to limit foreshore
inundation is undertaken frequently within about 50% of NSW ICOLLs (Haines 2006; Haines 2008).
These estuaries are not able to reach natural breakout heights. In the past, openings have been
undertaken by various groups. Often, these groups have conflicting interests and several illegal
openings have been recorded (Figure 10).

Figure 10: Collection of news headlines detailing recent illegal openings within NSW ICOLLs, accessed from:
ABC Regional News, ‘Residents kick up a stink over lakes illegal opening’ (2 August 2006); Ellard, G 2011a ‘Lake opening
leaves a bad smell,’ South Coast Register, 29 March; Ellard, G 2011b ‘FISH DIE IN THOUSANDS – Illegal lake opening
reaps deadly harvest,’ South Coast Register, 31 March; Gorton, S 2013, ‘Caught with hoe, lake opener fined,’ Narooma
News, 23 December; Gorton, S 2014, ‘Illegal attempt to open Coila Lake: Photos,’ Narooma News, 29 August; Bawley Point
& Kioloa Community Association, ‘LAKE OPENINGS MUST BE LEFT ALONE,’ (10 October 2012); NSW DPI, ‘Illegal
Dredging lets fish out,’ (23 December 2013).

Water quality within ICOLLs is an additional concern directly influencing management and
artificial opening. CZMPs may set out certain water quality objectives and the activities to be
undertaken to meet these objectives, which includes artificial opening (Shoalhaven City Council
2012). Artificial openings, however, are not likely to result in significant long term improvements to
water quality (Schallenberg et al. 2010; Stephens & Murtagh 2012). While short term improvements
in water quality may occur after opening, the effectiveness of such a method is often limited if the
source of pollutants is not addressed.
Overall, management of ICOLLs is a complex issue which requires a balance between social,
economic and environmental drivers (Stephens & Murtagh 2012). ICOLL CZMPs have been
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criticised for not ensuring adequate management and not considering all relevant details (Barton &
Sherwood 2004). A review of EMPs by Haines (2008) found that many CZMPs are inadequate and
the quality of their assessments highly varied, dependent upon funding and resource constraints.
Despite these shortfalls, CZMPs are a useful way of enforcing the policies goals. Future decisions
should be made based upon the best available information with regular reviews of management plans
(Spurway & Associates Pty Ltd 2005; Shoalhaven City Council 2012; Stephens & Murtagh 2012).

2.1.8 Alternatives to artificial opening
The need for artificial opening is location specific and dependent upon external pressures and
the built environment. From a management perspective, restoration of ecosystems is commonly
undertaken by removing these pressures to allow the ecosystem to revert to its original state
(Schallenberg et al. 2010). Within certain ICOLLs, however, alternatives to artificial opening are
limited, especially over the short term. For example, within ICOLLs with low lying development,
while small increases in threshold levels may be easily achievable, large increases are predicted to
become increasingly more difficult to attain due to developments becoming concentrated in higher
elevations. Consequently, within the foreseeable future a completely natural breakout cycle may not
be possible for certain ICOLLs (Spurway & Associates Pty Ltd 2005).
A more permanent solution to artificial opening is the installation of training walls at an
ICOLL’s entrance, allowing uninhibited tidal exchange. Known as a ‘trained ICOLL,’ Lake Illawarra
provides a recent example, which since 2007, has experienced increasing tidal range, entrance
instability and changes in vegetation dynamics (Young et al. 2014). The ramifications of entrance
training on the vegetation and carbon storage will be discussed within the site descriptions (Section
3.3)

2.2

Estuarine vegetation
This section reviews literature on estuarine vegetation as well as the factors which influence

its distribution and composition. Estuaries are ecotones, consisting of habitats for both freshwater and
saltwater species (Haines 2008; Hopkinson et al. 2012). Estuarine vegetation comprises seagrass,
mangrove and saltmarsh species as well as, Casuarina and Melaleuca, which are frequently
associated with estuarine settings. It occupies an important ecotone between saline ocean and
riverine/terrestrial systems and is influenced by the morphology of the estuary (Hopkinson et al. 2012)
and physiochemical variables (Dye 2006a; Lill et al. 2013).
There is a correlation between entrance openness, freshwater inflows and productivity indices
within estuaries (Lill et al. 2013), which has important implications for the differences between open
estuaries and ICOLLs. Consequently, open estuaries and ICOLLs display distinct differences in the
composition and distribution of their estuarine vegetation. This vegetation is highly sensitive to
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changes in physiochemical (salinity, sedimentation and currents) and morphometric variables, which
are directly linked to the entrance regime (Lill et al. 2013). Additional factors impacting estuary
ecology include anthropogenic impacts, estuary type (determining the salinity and tidal regime), the
maturity of the estuary (which controls the spatial distribution and composition of vegetation), the
degree of freshwater and groundwater inflow, the level of catchment development, and the climate
(rainfall/runoff; Roy et al. 2001; Deegan et al. 2007; Whitfield et al. 2012).

2.2.1 Open estuaries
When comparing estuarine vegetation within open estuaries and ICOLLs, it is important to
understand the influence of water levels due to the entrance regime. Open estuaries exhibit regular
tidal inundation through the entrance. This facilitates mangroves growth in the lower portion of the
upper intertidal zone, between mean sea level and mean high water (Figure 11; Roy et al. 2001).
Mangroves coexist with saltmarsh, which grows in the upper intertidal environment and corresponds
to higher marsh settings. As surface elevation increases and inundation frequency declines, rush
species, known as high marsh, become more common (Naidoo & Kift 2006). Further increases in
elevation cause the vegetation to transition into Casuarina and Melaleuca as they are no longer tidally
influenced. Figure 11 exhibits a typical vegetation profile within an open estuary.

Marsh Forest

Figure 11: Typical open estuary cross section, individual vegetation figures courtesy of the Integration and Application
Network, University of Maryland Center for Environmental Science (ian.umces.edu/symbols/).

2.2.2 Importance of an intermittent entrance regime
The influence of the entrance regime is of critical importance in understanding the differences
between ICOLL and open estuary vegetation. Unlike open estuaries, ICOLLs exhibit distinct
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differences in the composition and distribution of estuarine vegetation as a result of water level
extremes (Figure 12). ICOLL vegetation is exposed to two water level extremes, submergence during
closed periods, and exposure during open periods. During closure, ICOLLs are devoid of tidal
influence or oceanic exchange and water levels typically become higher than what would occur in an
open system (Riddin & Adams 2008). Vegetation may remain submerged for longer periods of time
than a typical open estuary. This causes the vegetation distribution to be significantly more variable
than in open estuaries (Ribeiro et al. 2013). Prolonged submergence will force respiration to occur
anaerobically within the below ground parts of the vegetation. This rapidly depletes carbohydrate
reserves and limits plant growth (Deegan et al. 2007). Furthermore, Oxygen and CO2 availability is
also reduced and the rate of photosynthesis declines (Jackson & Ram 2003).

Marsh Forest

Tidal

Figure 12: Typical ICOLL zonation. Dashed lines refer to approximate water levels and are dependent upon berm height
and if the ICOLL is perched. Individual vegetation figures courtesy of the Integration and Application Network, University
of Maryland Center for Environmental Science (ian.umces.edu/symbols/).

During entrance opening, vegetation may remain dry for extended periods. Breaching of the
entrance causes dramatic changes in an ICOLLs environment over a short time period (Ribeiro et al.
2013). Entrance opening results in changes in water level, tidal amplitude, salinity, temperature,
nutrients, dissolved oxygen and, importantly within the context of this study, sources of organic
carbon (Dye 2006b; Dye 2006a; Whitfield et al. 2008; Abrantes & Sheaves 2010; Whitfield et al.
2012). Consequently, estuarine plants within ICOLLs have adapted to fluctuating environmental
conditions and have relatively short life cycles (Stephens & Murtagh 2012; Whitfield et al. 2012).
Fluctuating water levels have important implications for ICOLLs vegetation and carbon storage.
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Mangrove species are typically absent within ICOLLs unless the entrance frequently opens (Roper et
al. 2011). More frequently open ICOLLs have greater opportunities for mangrove propagation and
potential habitats, facilitated by regular tidal inundation (Roper et al. 2011; Garside et al. 2014). An
absence of mangroves means that saltmarsh can expand to occupy a greater distribution (Figure 12).
The entrance regime is highly important within ICOLLs causing differences in vegetation profiles
compared to open estuaries.
Salinity is also a major factor which impacts estuarine vegetation within both open estuaries
and ICOLLs. Open estuaries typically have a relatively stable salinity profile due to regular tidal
exchange. In comparison, salinity in ICOLLs varies depending upon the entrance regime, level of
freshwater inputs and the climate (Riddin & Adams 2008). Salinity levels can range from hypersaline,
to brackish, to fresh and their level of stratification depends on the morphology of the ICOLL and
catchment inputs (Pollard 1994; Haines 2006; Potter et al. 2010). This has direct impacts on the
vegetation which must be able to cater for these changes to survive (Hirst 2004). If salinity remains
high over an extended period, one consequence is that certain species may gain a competitive
advantage over other coastal wetland species (Creese et al. 2009; Stephens & Murtagh 2012).
Conversely, extended periods of low salinity due to high rainfall may advantage freshwater tolerant
species as catchment inputs dominate (Riddin & Adams 2008).
The highly variable nature of ICOLL vegetation is also reflected within seagrass beds.
Seagrasses typically prefer salinity levels similar to the ocean and regular movement of water (Jones
& West 2005). Fluctuations in water levels, salinity, light penetration to lake beds, turbidity and water
quality all influence seagrass distribution (Carruthers et al. 1999). If an ICOLL’s entrance remains
closed for an extended period, seagrass beds may decline and eventually disappear due to changes in
water levels, salinity and a lack of water movement (Haines 2008; Creese et al. 2009). Entrance
openings also negatively influence seagrass. Physical damage from scouring of sediments during
draining and the subsequent desiccation from low water levels both cause seagrass death (Jones &
West 2005; Whitfield et al. 2008). Consequently, within NSW the majority of seagrass beds are found
within large, open systems. Over 50% of the total seagrass in NSW is within five estuaries, all of
which have a stable connection to the ocean (Creese et al. 2009).

2.2.3 Artificial openings
While both natural and artificial openings cause a dramatic change in the environment,
artificial openings typically occur more frequently (Ribeiro et al. 2013). The frequency of opening is
an important factor. A single or isolated artificial opening will have minimal environmental impact,
since it falls within the natural variation (Spurway & Associates Pty Ltd 2005). Continued opening at
lower water levels than the natural range, however, is likely to have an environmental impact due to
the increased frequency and reduced natural variation in water levels. Compared to natural openings,
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artificial openings also reduce the duration of submergence of estuarine vegetation and the maximum
height of water levels (Riddin & Adams 2012). This is reflected in the structure of the estuarine
vegetation due to changes in physiochemical variables (Dye 2006a; Whitfield et al. 2008; Whitfield et
al. 2012). Terrestrial vegetation then benefits, displacing estuarine species due to the lack of
inundation at higher elevations (Spurway & Associates Pty Ltd 2005; Ribeiro et al. 2013). This study
defines this process as terrestrialisation, which results in a contraction of the extent of estuarine
vegetation as higher elevations are lost to dryland species (Spurway & Associates Pty Ltd 2005). A
shift in vegetation may have important implications for long term carbon storage, but represents a
largely unstudied area. Overall, artificial openings typically have a greater detrimental impact on
estuarine vegetation (Riddin & Adams 2008; Ribeiro et al. 2013). Within these systems, ICOLL
vegetation may shift in response to the entrance regime.

2.2.4 South African case study
Given that NSW ICOLL’s vegetation responses have not been extensively studied, this
chapter draws upon findings from South African TOCEs. South Africa experiences a similar climate
to that of Australia. Several studies have focused on the East Kleinemonde Estuary, a small TOCE
within South Africa (Riddin & Adams 2008; Whitfield et al. 2008; Riddin & Adams 2012; Ribeiro et
al. 2013). Within East Kleinemonde, during open periods, saltmarsh plants establish in vacant habits
which are exposed during low water level. Saltmarsh responds rapidly to water level fluctuations,
extending their distribution at rates of up to 25% per month for intertidal saltmarsh and 33% per
month for supratidal species (Riddin & Adams 2008). The saltmarsh seedlings emerge three days after
breaching of the mouth (Whitfield et al. 2008) and take about four months to become established
(Riddin & Adams 2008). Consequently, water levels and duration of inundation were found to
correlate to the abundance of estuarine species (Riddin & Adams 2008). Estuarine vegetation
however, are highly sensitive to extended inundation (>3 months) following mouth closure, which
causes them to die and be replaced by seagrass species (Whitfield et al. 2008). Saltmarsh within these
systems colonise habitat during favourable conditions due to high resilience and large seedbanks.
Frequent openings and closures, however, are detrimental as the species are unable to recolonise from
the seedbank (Whitfield et al. 2008; Ribeiro et al. 2013). This example provides an indication of the
highly variable nature of ICOLL vegetation. No similar study has been completed within NSW
ICOLLs.

2.2.5 Further research
This chapter identifies the typical manner in which estuarine vegetation responds to changes
in the environment. Despite their importance to the NSW coastline, very few NSW ICOLLs have
been extensively studied and the impact of entrance management on their ecology remains relatively
unknown (Dye & Barros 2005a; Jones & West 2005). Studies from outside of NSW provide insight
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into typical vegetation responses to openings. A species level understanding however, is not possible
within NSW ICOLLs. It is important to note that each ICOLL exhibits unique characteristics and may
respond differently due to similar changes in their environment (Whitfield et al. 2012). Differences in
maturity, development, entrance management, biology and morphology will result in different
vegetation distribution and composition with each ICOLL. Changes associated with both natural and
artificial entrance opening may have significant short term changes, however, over the longer term it
is unknown if more managed entrances will have a greater net impact on the vegetation distribution
within NSW ICOLLs and hence, carbon storage.

2.3

Blue carbon
The concept of blue carbon within coastal wetlands is of critical importance to understand

carbon sequestration and storage. This section identifies the processes that store blue carbon, the
differences in carbon storage and the need for conservation of these systems.
The term ‘blue carbon’ has been adopted to describe estuarine ecosystems, in particular,
mangrove, saltmarsh and seagrass. These habitats have some of the highest carbon sequestration
efficiencies in the world (Hopkinson et al. 2012; Klemas 2013; Saintilan et al. 2013) and have been
internationally recognised as valuable atmospheric carbon sinks (Chmura et al. 2003; Barbier et al.
2011; Thomas 2014) which have important implications for climate change mitigation. Estuarine
vegetation has the potential to exacerbate or reduce atmospheric CO2, sequestering carbon in biomass
through photosynthesis (Duarte et al. 2005). These systems, however, are highly vulnerable to
degradation from human disturbances with large losses of habitat on a global scale (Guo et al. 2009;
Hopkinson et al. 2012; Macreadie et al. 2012; Macreadie et al. 2013; Howard et al. 2014).
Consequently, correct management of blue carbon ecosystems is essential for the long term survival
of these systems as well as to maximise climate change mitigation potential (Chmura 2011).

2.3.1 Processes that store carbon
Blue carbon refers to the carbon stored within estuarine habitats and includes (Mcleod et al.
2011; Sifleet et al. 2011; Thomas 2014):


Soil carbon,



Living aboveground biomass (vegetation, branches, leaves and stems),



Living belowground biomass (roots), and,



Non-living biomass (deadwood and litter).

Estuarine ecosystems are extremely well adapted and their placement within estuaries benefits
their ability to store carbon. Tides play an important role in facilitating carbon storage. Regular tidal
inundation creates anoxic conditions, slowing the decomposition of organic material (Kayranli et al.
2010). Anoxic decomposition is significantly less efficient than aerobic decomposition, enabling
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estuarine vegetation to act as a carbon sink, accumulating organic matter. Additionally, saline waters
inhibit methane release, hindering the activity of the microbes responsible for its production (Bartlett
et al. 1987; Poffenbarger et al. 2011). Importantly, the nature of coastal vegetation predisposes
estuarine vegetation to be highly effective at trapping sediments and associated organic carbon
(Rogers et al. 2013). Ongoing sedimentation means that carbon sinks do not become saturated, and
increase their carbon storage through vertical accretion (Mcleod et al. 2011). Accordingly, the slow
rate of sea-level rise over the past 5000 years has facilitated the accumulation of carbon-rich deposits
up to 6m thick (Chmura 2011).
Differences in carbon storage are location specific and vary considerably in response to
biological and physical factors. Blue carbon can be either autochthonous or allochthonous depending
on its origin (Figure 13; Saintilan et al. 2013). Where:


Autochthonous carbon is produced and deposited within the same location, and



Allochthonous carbon is produced in one location and deposited in a different one.

This has important implications for determining carbon storage contribution, as a significant
proportion of the carbon store is from autochthonous carbon, such as root biomass. Allochthonous
carbon is largely deposited as surface carbon accumulation (Saintilan et al. 2013; Howard et al. 2014).
The ratio of autochthonous to allochthonous carbon is location specific, and varies due to hydrogeomorphic setting as well as vegetation type, biomass, productivity and the position of the vegetation
within the tidal range (Saintilan et al. 2013). Overall, the rates of carbon storage within saltmarsh and
mangrove areas are driven by both biological (bioturbation, trophic cascades, herbivory, species
composition, plant competition) and physical (temperature, sea-level, nutrients, sediment type,
precipitation) variables (Mcleod et al. 2011).

Figure 13: Mechanisms by which carbon moves in and out of coastal wetlands (Howard et al. 2014).
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Plant production is a key biological factor in carbon accretion, and is responsible for the
fixation of atmospheric CO2 , described in Figure 14 (Duarte et al. 2005; Kayranli et al. 2010). Carbon
storage is a function of the plants interaction with both the atmosphere and the soil. Plants fix CO2
through photosynthesis which is then stored within above and belowground living biomass (Duarte et
al. 2005). The aboveground biomass is decomposed by bacteria and often transported away via
inundation. Below ground production is significantly greater than above ground (Chmura 2011). This
belowground biomass (roots and rhizomes) is less mobile and tends to remain stored as soil organic
matter (SOM) for a long time period. SOM is broken down by microbes into soil carbon within the
reduced soil layer (Figure 14; Duarte et al. 2005).

Figure 14: Schematic of the major components of the carbon cycle for an individual plant (Kayranli et al. 2010).

2.3.2 Carbon storage variability within vegetation types
There are significant differences in the carbon storage between coastal wetlands species
(Table 3). Current assessments of soil carbon storage typically focus on three major vegetation
communities: mangrove, saltmarsh and seagrass (Chmura et al. 2003; Sifleet et al. 2011; Saintilan et
al. 2013; Howard et al. 2014). Variation in the structural form, including species composition,
vegetation density and height, can cause significant differences in the total carbon storage (Choi &
Wang 2004; Owers et al. 2016a). The total amount of carbon increases as sediment is deposited.
Consequently, carbon sequestration rates are directly associated with sedimentation rates within
coastal wetlands (Chmura 2011), the vegetation community and the elevation of the community with
reference to the tidal range (Sifleet et al. 2011; Saintilan et al. 2013).
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Table 3: Soil organic carbon mean and range values for mangrove, saltmarsh and seagrass at depths of 1m. Table adapted
from IPCC (2014).

Vegetation
Mangrove
Saltmarsh
Seagrass

Carbon
Stock
(MgC/ha)
386
255
108

Range
(MgC/ha)

CO2
Mequiv/ha

Sequestration rates
(Mg CO2e/ha/yr)

55 – 1376
16 – 623
10 – 829

1415
935
396

0.126 – 23.98
0.01 – 62.81
-77 – 85

Biomass
Carbon (Mg
CO2e/ha)
25 – 2254
5.1 – 18.3
0 – 13

Variability in carbon storage within estuarine habitats is an important factor when assessing
total carbon stocks. Differences in carbon storage within mangroves arise due to differences in species
as well as if the mangroves are young, dwarfed or mature. Older mangroves are more likely to have
larger root systems that are significantly deeper in the soil. Likewise, carbon storage in saltmarsh is
dependent on species composition, which influences biomass and carbon storage (Owers et al. 2016a).
For example, Juncus kraussii and Sarcocornia quinqueflora have different densities, heights and root
systems, all of which will be reflected in carbon storage and biomass (Owers et al. 2016a). Seagrasses
also display differences in carbon storage. Lavery et al. (2013) found an 18-fold difference in the
organic carbon storage for two different seagrass species (1.09 – 20.14 mg C cm-3). This inter-habitat
variability is often not taken into account when assessing carbon stocks. Overall, knowledge of carbon
storage, carbon sequestration, spatial extent and rates of loss has focused on North America and
Europe. Relatively little is known for the rest of the world (Sifleet et al. 2011). Consequently further
research is needed to determine the variability within habitats and the factors driving it to improve
estimates of blue carbon storage within not just NSW, but also globally (Lavery et al. 2013).
An additional consideration when assessing blue carbon is the importance of Casuarina and
Melaleuca. Despite the fact that they are frequently found within estuarine settings, very few studies
have assessed their carbon storage and sequestration (Wang et al. 2013; Owers et al. 2016a). Owers et
al. (2016a) found that soil carbon storage was highest in Casuarina glauca forests of all vegetation
zones within an open estuary. In comparison, Wang et al. (2013) studying Casuarina equisetifolia
regrowth on sandy beaches in south China, found that the majority of carbon accumulated within the
above ground biomass rather than the soil. This study however, focused on sandy beaches and
highlights the importance of an estuarine setting in facilitating below ground carbon storage.

2.3.3 Comparison of terrestrial and estuarine ecosystems
There are distinct differences in carbon sequestration and storage between terrestrial and
coastal ecosystems (Figure 15). Within both terrestrial and coastal wetlands, living biomass represents
a relatively short carbon storage period of years to decades and a relatively small contribution to
carbon storage. There are, however, large differences in carbon storage capacity and storage period
between terrestrial and estuarine ecosystems (Figure 15). Unlike terrestrial ecosystems, coastal
wetlands sequester extensive carbon within their soils (Sifleet et al. 2011), which can remain trapped
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for centuries to millennia (Duarte et al. 2005). Due to the saturation of soils from tidal inputs,
estuarine ecosystems are anaerobic, which limits organic decomposition. They also continuously
vertically accrete as sediment accumulates, enabling significant stocks of carbon to be built up over
time (Chmura et al. 2003). In comparison, terrestrial ecosystems do not contain the same amount of
soil carbon (Figure 15). High oxygen availability enables aerobic microbial oxidation, which releases
stored carbon back into the atmosphere (Schlesinger & Lichter 2001). Overall, despite a significantly
smaller global area than terrestrial forests, the contribution of estuarine ecosystems to long-term
carbon sequestration is significantly greater per unit area.

Figure 15: Mean carbon storage in above ground and belowground biomass in terrestrial forests and coastal ecosystems
(Howard et al. 2014).

2.3.4 Entrance regimes and blue carbon
Carbon storage and density within soils is highly variable within a given region and is
dependent upon differences in biological and physical variables (Mcleod et al. 2011). Currently, very
little is known about the influence of an intermittent entrance regime on carbon storage and
sequestration. Given that carbon storage is linked to both water levels and vegetation, the highly
variable nature of ICOLL vegetation and water levels may have detrimental impacts on carbon
storage when compared to open estuaries. Moreover, it is possible that more frequent openings or
entrance training, which encourages mangrove propagation, will result in increases in carbon storage.
Further research is needed to quantify the carbon storage within these systems and investigate the
impacts of an artificial entrance regime on carbon storage.

2.3.5 Spatial variation and conservation value
There is limited knowledge on the spatial and temporal variations in carbon storage within
both plant biomass and the associated sediments at an estuary, local and regional scale (Mcleod et al.
2011; Sifleet et al. 2011). Carbon storage needs to be quantified to identify areas of high carbon
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sequestration, which could be targeted for conservation (Owers et al. 2016a). In particular, it is
important for coastal managers to identify areas for conservation and restoration, which have high
sequestration efficiency. Differences in storage rates for individual species, as well as the impacts of
sea-level rise and catchment clearing are not well understood and need to be further investigated.
Over the past century the magnitude of carbon stored within these systems has been rapidly
decreasing. Coastal wetlands are lost due to external pressures at rates of loss at 1-7% annually (Guo
et al. 2009; Hopkinson et al. 2012; Macreadie et al. 2012; Macreadie et al. 2013; Howard et al. 2014).
Nevertheless, blue carbon is a potential method for achieving genuine reductions in atmospheric
carbon which provides a host of co-benefits (Lal 2004; Thomas 2014). These ecosystems may
however, may become sources of carbon emissions if degraded (Sifleet et al. 2011; Howard et al.
2014). This highlights the need for further research and the need for conservation of these systems to
be incorporated into policies and coastal management.

2.4

Analysis of approaches available to explore these issues
Several field and spatial techniques can be employed to quantitatively measure the hypotheses

proposed in Section 1.2. Methods for establishing the composition and distribution of coastal wetlands
comprise spatial, field and laboratory techniques to assess aboveground and below ground
components.

2.4.1 Assessment of ICOLL conditions
Assessment of entrance regimes is important as it provides an indication of the frequency of
opening and how often an ICOLL is artificially opened. Although water levels do not directly
correlate with entrance conditions, they can be used to extrapolate the entrance conditions.
Consequently, entrance regimes can be established through analysis of both historical records of
openings as well as, water levels which act as the main surrogate for entrance conditions within NSW
ICOLLs (Perry 2014).
Spatial analysis using aerial imagery provides an indication of the composition and
distribution of vegetation. When undertaking spatial mapping, high resolution imagery is needed due
to the high spatial and temporal variability inherent within coastal wetlands (Klemas 2013). Remote
sensing techniques provide a method for obtaining quantitative biophysical information which can be
used for understanding parameters such as wetland extent, leaf area biomass, leaf area index and
canopy closure (Klemas 2013). Historical data can be used to compliment spatial analysis techniques
and assist with vegetation change mapping. Furthermore, the use of LiDAR can be effectively
integrated with high resolution images to improve accuracy of saltmarsh mapping (Chust et al. 2008),
correlating vegetation zones to a digital elevation model (DEM).
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Field assessments compliment spatial data, allowing biomass estimations to be ground
truthed. Biomass can be estimated using vegetation analysis techniques. Ground truthing is needed to
compliment spatial mapping, enabling biomass and longer term characteristics to be recognised
(Klemas 2013).

2.4.2 Below ground carbon storage assessments
Below ground carbon storage represents the largest accumulation of carbon within an
estuarine ecosystem (Section 2.3.3) and is linked to above ground vegetation and entrance regime.
This study focuses upon the soil carbon sequestered from estuarine rooted vegetation. Samples are
typically collected by coring into the sediment, typically no less than 1m deep (Howard et al. 2014).
Organic content and carbon storage are then determined using one or more of several techniques,
summarised in Table 4. Wang et al. (2012) reviewed the techniques in Table 4 and found a strong
linear relationship for soil organic carbon (SOC) between the elemental analysis and LOI methods.
The use of a particular technique, however, depends on the required outcomes, budget and resources
available.
Table 4: Comparison of common laboratory techniques used to determine percent organic carbon. Adapted from Howard et
al. (2014).

Elemental Analyser

Pros:

Quantitative measure of
carbon content using dry
combustion techniques.

Requires special
Cons: instrumentation; can be
costly.

Loss on Ignition (LOI)
Semi-quantitative measure of
organic carbon content; low
cost and simple technology.
Percent organic carbon
determined from empirically
derived relationships between
carbon and organic matter.

Walkley-Black method
Semi-quantitative wet
combustion method.
Provides a measure of
organic carbon content;
simple chemistry.
H2O2 does not always digest
carbon equally; produces
hazardous waste.

This chapter summaries the current knowledge about NSW ICOLLs. ICOLL entrance
regimes dictate water levels, which have important implications for vegetation composition.
Associated with the vegetation composition is the storage of carbon within coastal sediments. This
carbon storage has major implications for ICOLL management and could help inform future ICOLL
entrance management decisions. This study adds to the small body of literature which investigates the
importance of entrance regimes on carbon storage within estuarine vegetation.
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Chapter Three: Regional Setting
This chapter focuses on four NSW ICOLLs to be studied as part of this project. The typical
features for each of the study sites are identified, current studies on each of the ICOLLs are reviewed
and level of anthropogenic influence determined.

3.1

Site selection
Within Australia, a significant portion of ICOLLs are concentrated along the NSW south

coast between Wollongong and Victoria, related to the coastal landscape (Haines 2008). Within this
region, four ICOLLs were selected, which exhibit a range of entrance conditions and management
techniques in line with the projects aims. Theses ICOLLs were: Lake Illawarra, Lake Wollumboola,
Lake Tabourie and Durras Lake (Figure 16, 17). These four ICOLLs fulfil the following
requirements:
1. A range of entrance regimes, including mainly open and mainly closed tendencies (Section
2.1.5).
2. A range of artificial openings, from highly managed, to rarely artificially opened, including
an example where entrance training has occurred on what previously was an ICOLL.
3. Records of entrance opening including both artificial and natural openings either from water
level gauges or historical records.
4. Recent high resolution aerial imagery and Lidar data to allow mapping of the vegetation that
can be linked to below ground carbon storage.
5. Must be recognised by the NSW Office of Environment and Heritage (OEH) as an ICOLL
which is of significance from a management perspective, either due to community concerns, a
high risk of flooding or because the ICOLL represents a unique, valuable ecosystem.
For each of the selected ICOLLs, the geology, wave climate and level of development are established.
This enables a detailed assessment of the characteristics of each ICOLL, identifying the important
features which may impact vegetation composition, distribution and carbon storage.
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Figure 16: Map of selected study sites. State outlines from Statistical Geography Volume 1 - Australian Standard
Geographical Classification (ASGC; 2006).
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Figure 17: Aerial imagery of selected ICOLLs where: A) Lake Illawarra, B) Lake Wollumboola, C) Lake Tabourie and D)
Durras Lake. Imagery from NSW LPI (2015).
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3.2

Overview of typical conditions in south-eastern NSW
Each of the selected ICOLLs is located between Wollongong and Batemans Bay within

south-eastern NSW. The northern most study ICOLL, Lake Illawarra, is situated just south of
Wollongong and 85 km south of Sydney. The southernmost ICOLL, Durras Lake, is 220 km south of
Sydney and just north of Batemans Bay on the NSW south coast. Geologically, this area comprises
the southern section of the Sydney Basin, a quartoze sandstone dominated Permian succession
(Geoscience Australia 2016). Durras Lake is the only exception, which lies on the junction between
the Sydney Basin and earlier Palaeozoic sediments in the Lachlan Orogen (Geoscience Australia
2016).
ICOLL entrance regimes and water quality are influenced by wave direction and climatic
variations. NSW’s south-eastern coastline is dominated by swell from the southeast to east. The level
of influence on entrance conditions and barrier formation depends upon the exposure of the entrance
(orientation) and the influence of the coastal embayment, which can focus or dissipate wave energy.
The wave climate that is present for Sydney can be assumed to have a similar effect on the south coast
of NSW. Rainfall within the catchment is a key determinant of the frequency of entrance opening and
closure, as well as water quality (Haines 2006). Rainfall data for each of the study ICOLLs is
summarised in Table 5. Climatically, the NSW coast has a warm-temperate climate with a cooltemperate climate closer to the Victorian border (BOM 2016).
Table 5: Average annual rainfall for the closest rainfall gauge to each study ICOLL. Data from (BOM 2016).

Lake
Wollumboola

Nearest Rainfall
Gauge
Windang
Bowling Club
Culburra
Treatment Works

Lake Tabourie

Ulladulla AWS

Durras Lake

Batemans Bay
(Catalina Country
Club)

Study ICOLL
Lake Illawarra

Location
34.53° S
150.87° E
34.93° S
150.75° E
35.36° S
150.48° E
35.72° S
150.19° E

Date of
installation
1962

Average Annual
rainfall (mm)
1129.9

1962

1200.5

1989

1110.7

1991

922.6

3.2.1 Evolutionary stage of the study sites
All study ICOLLs exhibit different levels of evolutionary maturity and infilling, which has
implications for their entrance regime and vegetation profile. The depositional zones for each of the
study ICOLLs is summarised in Figure 18. These ICOLLs have been classified based on geological
characteristics (Table 6).
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Figure 18: Depositional features for the study ICOLLs, collected as part of the NSW Comprehensive Coastal Assessment
where A) Lake Illawarra, B) Lake Wollumboola, C) Lake Tabourie and D) Durras Lake.
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Table 6: Classification of selected NSW ICOLLs (Roper et al. 2011).

ICOLL

Group
Type
III: Wave dominated
Lake Illawarra
Barrier estuary**
estuary
IV: Intermittently
Lake Wollumboola
Saline coastal lagoon
closed
IV: Intermittently
Lake Tabourie
Saline coastal lagoon
closed
IV: Intermittently
Durras Lake
Saline coastal lagoon
closed
* Evolution based on Roy et al. (2001) classification.
**Lake Illawarra has been trained permanently open.

Evolution*
Intermediate
Young
Semi-mature
Intermediate

The evolutionary stage of estuaries is often difficult to determine. One method of determining
estuary maturity is to compare the ratio of water body area to catchment area, with smaller values
indicative of more mature, infilled systems (Roy et al. 2001). Accordingly, Lake Tabourie is
considered the most evolutionary mature and exhibits a small estuary to catchment area ratio.
Comparatively, Lake Wollumboola is considered to be geologically immature and contains a
significantly larger ratio of estuary to catchment area. Lake Illawarra and Durras Lake fall between
these two classifications. Overall, while classifications of evolutionary stage are not always clear, they
provide an indication of current morphology and degree of infilling.

3.3

Current characteristics of the study ICOLLs
Each of the selected ICOLLs display unique characteristics such as water depth, estuary area

and threshold level (Table 7). When comparing ICOLLs, the hydrological, chemical and ecological
properties are a product of its morphological characteristics (Haines et al. 2006).
Table 7: Characteristics of the selected study ICOLLs from Roper et al. (2011).

Lake Illawarra

Catchment area
(km2)
238.43

Estuary area
(km2)
35.83

Average depth
(m)
2.1

Threshold level*
(AHD)
Trained

Lake Wollumboola

34.13

6.33

0.8

2.5

Lake Tabourie

46.14

1.49

0.8

1.17

Study site

Durras Lake
58.38
3.77
1.4
2.4
*Threshold level relates to the relevant Coastal Zone Management Plan (CZMP) or Estuary
Management Plan (EMP), Section 2.1.7.
Each of the study ICOLLs represents a unique system due to differences in morphology. Prior
to 2007, Lake Illawarra behaved as a typical ICOLL with a characteristic entrance regime.
Historically, the entrance has been artificially opened a number of times (WBM Oceanics Australia
2006; Appendix 1.2). The intermittent opening cycle meant that concerns were raised by the local
community about water quality and odorous silty flats. In order to alleviate these concerns, training
breakwaters were constructed within the entrance, permanently opening the entrance. Since training,
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Lake Illawarra has experienced increasing tidal range and unstable entrance scour (Nielsen & Gordon
2008, Young 2014). These effects are expected to continue over the next few decades as tidal
velocities in the channel increase and channel widening occurs (Young 2014). Salinity within Lake
Illawarra has increased since entrance training and only falls during rainfall events (Wollongong City
Council 2015). Due to the recent training, Lake Illawarra represents a dynamic system as the lake
adjusts to the permanent opening.
Lake Wollumboola is recognised as a unique system in terms of trapping efficiency, height
above sea-level and complexity of ecological processes (Kinhill Pty Ltd 2000). Lake Wollumboola
has high conservation value, high numbers of bird species utilise the lake (Hedge & Dickinson 2010)
and its ecological processes are largely unaltered by human activity (Kinhill Pty Ltd 2000; HRC 2002;
Scanes et al. 2014). The lake is located in a broad, shallow incised valley and has a relatively wide
entrance and berm (Figure 17). In contrast, the other study sites exhibit longer, narrower entrance
channels, related to the bedrock valley shape (Sloss et al. 2006; Rogers & Woodroffe 2016), which act
as a funnel during periods of opening (Figure 17). Lake Wollumboola’s water levels fluctuate greatly,
with the lake volume ranging from 2100 ML to 25 000 ML (Haines et al. 2001). Likewise, salinity
ranges from 1 to 45 PSU according to rainfall and the entrance regime, with the maximum salinity
during low rainfall periods (Scanes et al. 2014). Lake Wollumboola has high levels of sulphide (H2S)
production within its central basin and fluvial sands, correlated to total organic material (Kinhill Pty
Ltd 2000; Murray & Heggie 2002). H2S is produced by bacteria which break down organic material
under anoxic conditions. The spatial distribution of total organic carbon (TOC) within Lake
Wollumboola’s sediments has been assessed by Murray and Heggie (2002). TOC was typically
highest in the central basin and fluvial sands and lowest in the marine sands (Figure 19, below). These
values are, on average, similar to other estuaries (Heap et al. 2001). Overall, Lake Wollumboola is
infrequently opened, both naturally and artificially (Figure 9, Section 2.1.6) and represents a relatively
stable system.
Lake Tabourie experiences the most artificial openings of the study sites (Figure 9. Section
2.1.6) and has policy outlining the CZMP (Shoalhaven City Council 2012) as well as for managing
entrance openings (Spurway & Associates Pty Ltd 2005). Lake Tabourie’s CZMP recognises the need
for balancing environmental, social and economic needs, outlining the manner in which these can be
preserved (Shoalhaven City Council 2012). The low threshold value (1.17m AHD; Table 7) means
that the lake is frequently artificially opened to protect low lying developments (Spurway &
Associates Pty Ltd 2005). Lake Tabourie’s entrance management policy notes that a lack of
intervention will result in ‘flood damage and associated trauma for residents’ (Spurway & Associates
Pty Ltd 2005, p. 42). Accordingly, for Lake Tabourie, limited management options are available over
the short term due to the proximity of assets. Over the long term, Lake Tabourie’s CZMP aims to
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increase the threshold level of artificial openings through relocation, removal and flood proofing of
assets which are most at risk of flooding.

Figure 19: Spatial distribution of total organic carbon (TOC) in % wt. at Lake Wollumboola. Circles are proportional to the
TOC measured, which was averaged over three depth intervals (0-20 mm, 80-100 mm & 160-180 mm). Accessed from
(Murray & Heggie 2002).

Finally, Durras Lake represents the most forested catchment of the study ICOLLs with urban
development concentrated around the entrance. Durras Lake has experienced minimal artificial
openings (Perry 2014) and is in near pristine condition (Gunns 2014) . Importantly, Durras Lake does
not have an EMP in place and artificial openings are determined on an ad hoc basis by the local
council due to community pressure.

3.3.1 Entrance regimes
Entrance conditions for Lake Wollumboola, Lake Tabourie and Durras Lake have been classified by
both Haines (2006; Figure 8, Section 2.1.6) and Perry (2014; Figure 9, Section 2.1.6) and summarised
in Table 8. These sites have varying degrees of artificial and natural opening. Lake Illawarra was not
included in these classifications and is now permanently open. Lake Wollumboola, which exhibits the
smallest catchment area of the study sites, is the least impacted by artificial openings and rarely
opens. Lake Tabourie and Durras Lake open more frequently than Lake Wollumboola with Durras
Lake exhibiting the lowest proportion of time that the entrance is closed (Table 8). An updated
analysis of natural and artificial openings is produced by this study (Section 5.1).
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Table 8: Classification of entrance regimes using the Entrance Closure Index (ECI), which is the proportion of time that the
entrance is closed (Haines 2006), and the total natural and artificial openings (Perry 2014). Neither study completed an
assessment of Lake Illawarra.

ICOLL
Lake Wollumboola
Lake Tabourie
Durras Lake

ECI Natural openings Artificial openings
0.96
2
3
0.70
2
20
0.62
3
2

3.3.2 Vegetation
Several previous studies have quantified vegetation composition and distribution within the
study sites. These studies have focused on seagrasses, saltmarsh and mangroves, mapping their extent
on a state wide scale (Table 9).
Table 9: Vegetation areas from previous studies by West et al. (1985) and Williams et al. (2006). Accessed from Roper et al.
(2011).

West et al. 1985 (m2)
Williams et al. 2006 (m2)
Seagrass Mangrove Saltmarsh Seagrass Mangrove Saltmarsh
Lake Illawarra
6116000
0
203000 7965998
57
302433
Lake Wollumboola 1145000
0
0
1340071
0
0
Lake Tabourie
1199000
0
1000
219062
0
39511
Durras Lake
509000
0
46000
495812
0
170619
No instances of mangrove forests were found within the study sites. However, increases in
mangrove seedlings around Lake Illawarra’s entrance have been reported (Figure 20, left). Likewise,
scattered mangrove stands have been reported around Lake Tabourie (Figure 20, right; Shoalhaven
City Council 2012). Lake Tabourie has also experienced large declines in seagrass beds of 70-100%
loss between 1985-2006 (Shoalhaven City Council 2012).

Figure 20: Mangroves within Lake Illawarra (left) and Lake Tabourie (right), photo by Kieren Northam.
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3.4

Anthropogenic activity and entrance management
Anthropogenic activity within an ICOLL’s catchment impacts its health as well as the

management strategies employed by the relevant council. ICOLLs are attractive locations for coastal
developments, which are frequently located within close proximity to the entrance or water body
(Haines 2008). The level of development influences the distribution and composition of estuarine
vegetation, sedimentation rates, as well as the need for entrance management. Of the selected
ICOLLs, the majority of Lake Wollumboola, Lake Tabourie and Durras Lake’s catchments are
enclosed within National Parks within minimal catchment disturbance (Table 10). In comparison,
Lake Illawarra is highly developed over much of its catchment area and entrance. Lake Illawarra is
managed by Wollongong City Council. Shoalhaven City Council is responsible for the management
of Lake Wollumboola and Lake Tabourie, while Durras Lake is managed by Eurobodalla Shire
Council.
Table 10: Comparison of forested and disturbed percentage catchment land-use. Data from Roper et al. (2011).

Study ICOLL
% catchment forested % catchment disturbed* % catchment urban
Lake Illawarra
26.4
59.3
21.8
Lake Wollumboola
75.8
7.3
3.2
Lake Tabourie
80.3
15.4
2.3
Durras Lake
87.5
6.2
6.1
* Disturbed land includes cleared, urban, crops, grazing, pasture, dry and irrigated forb.
As water levels rise during periods of entrance closure, low lying developments are at risk of
inundation. Consequently, all study ICOLLs have been artificially opened at some stage, presumably
to prevent damages from high water levels or relieve water quality concerns. To prevent flood
damage, each ICOLL has a relevant threshold level based upon analysis of flood and inundation
studies (Table 7). The criteria for artificial opening is dictated by the ICOLLs management plan
(Kinhill Pty Ltd 2000; Spurway & Associates Pty Ltd 2005; WBM Oceanics Australia 2006; Haines
2008; Shoalhaven City Council 2012).
This chapter identifies the key characteristics of the selected study sites which all exhibit
differences in morphology, entrance conditions and levels of catchment development. The
implications for estuarine ecosystems and their ability to store carbon will vary accordingly.
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Chapter Four: Methods
This chapter outlines the approaches employed to determine the relationship between entrance
regimes, estuarine vegetation and carbon storage within selected ICOLLs. Each ICOLL required
multiple approaches using a consistent methodology. The methods are categorised into four main
sections, an assessment of the entrance regime (4.1), vegetation mapping (4.2), sediment analysis
(4.3) and carbon analysis (4.4).

4.1

Entrance regimes
Evidence of ICOLL opening and closure are indicated by water level gauges which are

managed by Manly Hydraulics Laboratory (MHL) on behalf of the NSW Government (Table 11).
Water levels, analysed in graph form can be used to extrapolate entrance regimes, despite not being a
direct indicator (Perry 2014). Using water level gauges in accordance with methods by Perry (2014),
records of entrance changes from 2013 to June 2016 were established, expanding upon the assessment
completed by Perry (2014). For Lake Illawarra, entrance changes were established from records kept
by the Lake Illawarra Authority (WBM Oceanics Australia 2006; Appendix 1.2) and confirmed with
analysis of water levels.
Table 11: Date of installation of water level gauges for each study ICOLL. Analysis of entrance regimes commenced from
the respective date.

Study Site
Start of recording period
Lake Illawarra
1991
Lake Wollumboola
1991
Lake Tabourie
1992
Durras Lake
2000

4.1.1 Artificial entrance opening frequency
Artificial opening by the relevant management authority is undertaken to manage ICOLL
water levels. The frequency at which an ICOLLs entrance regime is artificially altered is largely
dependent upon how often trigger levels were reached (Table 7). Characteristic differences in natural
and artificial openings were established in accordance with the methods of Perry (2014). As these
results are purely observational, classifications were marked to ensure they were distinguishable (see
Appendix 1.1 for full summary).

4.2

Vegetation distribution and composition
The distribution and composition of estuarine vegetation was established for each study site

using spatial mapping techniques. In order to identify areas of high conservation value, accurate
mapping of the spatial variation is important (Owers et al. 2016b). Mapping was completed to
determine differences in vegetation cover, linked to below ground carbon storage and entrance
regime. The distribution of mangroves, lower and upper saltmarsh and Casuarina/Melaleuca were
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mapped using the ArcGIS 10.2 spatial mapping program. Seagrass was not included within this study
due to its intermittent nature related to the entrance regime (Kinhill Pty Ltd 2000; Jones & West 2005;
Whitfield et al. 2008). Spatial mapping is advantageous over ground based techniques as it enables
mapping to be completed at a spatial scale and detail not otherwise possible.

4.2.1 Vegetation mapping datasets
Remote sensing was used to map the vegetation profiles and required recent aerial imagery
and Lidar data (Table 12). Once obtained, neither required any pre-processing or correction. Lidar
data had one laser return per square meter, measured at nadir.
Table 12: Datasets used for vegetation mapping.

Dataset

Extent

Resolution

Source

Lidar

24/4 2013 – Lake Illawarra
8/3 – 23/3 2011 – Lake Wollumboola
16/5 – 27/6 2011 – Lake Tabourie & Durras Lake
20/6 – 12/7 2011 – Durras Lake

1 m (± 30 cm
vertical
accuracy)

LPI

2016 – Lake Illawarra
2014 – Lake Wollumboola*
50 cm
LPI
Aerial Imagery
2013 – Lake Tabourie
2014 – Durras Lake
* 2015 imagery was available for Lake Wollumboola, however high water levels during acquisition
prevented mapping of lower elevations.
The use of Lidar data was limited for three of the four study sites (Lake Wollumboola, Lake
Tabourie and Durras Lake). The timing of Lidar data acquisition coincided with high water levels,
obscuring lower vegetation (Figure 21), because Lidar has poor depth penetration within water. Site
reconnaissance and field work was undertaken during significantly lower water levels for these
ICOLLs. High water levels during Lidar collection were not a problem for Lake Illawarra, which has
remained tidal since entrance training (Section 3.3). A further consideration was the time difference
between the collection of Lidar and the aerial imagery used. This was considered unavoidable due to
the high cost and infrequent nature of Lidar collection on the NSW south coast. The most recent
relevant aerial imagery was used when mapping vegetation as this correlated most accurately with site
assessments and below ground analysis.
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Figure 21: Example of how the Lidar collection period coincided with high water levels for Lake Wollumboola, Lake
Tabourie and Durras Lake. Water levels from respective gauges (Section 4.1).

4.2.2 Structural classification
Vegetation zones in ArcGIS were determined using heads up digitisation of orthorectified
imagery. When mapping, homogenous vegetation communities were enclosed in a polygon and all
adjacent polygons snapped together to make a continuous feature layer which had no slices or gaps.
All digitising was carried out at a scale of 1:500, with a snapping tolerance of 10 pixels. Vegetation
was classified to provide an indication of composition and distribution within each ICOLL.
Vegetation classification criteria were based upon species composition and structural parameters
(height, density and species type). Surveys by Clarke (1993) indicate that mangrove, saltmarsh and
Casuarina occur in distinct zones along an elevational gradient. Accordingly, after field visits (Figure
22), the following criterion was applied to spatial mapping (Figure 23), which aimed to ensure
consistency both within and between study sites. Alternate mapping criterion (Figure 24) was
produced for Lake Illawarra and Lake Tabourie as there was differences in vegetation profiles due to
the entrance regime.
Site reconnaissance was conducted from May to June 2016 to validate the distribution and
composition of vegetation zones. Photographs were taken and compared to aerial imagery and Lidar.
Polygon boundaries were then edited to more accurately reflect the present vegetation communities,
validating the mapping process.
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Figure 22: Examples of vegetation classifications: A) fringe mangrove at Lake Illawarra, B) Casuarina at Lake Tabourie, C)
mixed marsh at Lake Wollumboola and D) low and high marsh at Lake Tabourie. Photos by Kieren Northam.

The following criteria (Figure 23) were applied to dominant living vegetation for each study ICOLL
where the entrance regime restricted mangroves:
a) Casuarina/Melaleuca Forest: Forested areas consisting of either Casuarina glauca and/or
Melaleuca species with no large (<1 m) gaps in canopy cover. Species were not differentiated
due to the mixed nature of occurrences (Figure 22B).
b) Marsh Forest: Transition zone between Casuarina and Melaleuca species and rush and reed
species. Displays clear gaps in canopy cover (>1 m) with high marsh filling these gaps.
c) High Marsh: Rush or reed species with no large gaps in cover (Figure 22D). Includes, but is
not exclusive to: Juncus kraussii, Phragmites australis, Baumea juncea and Ficinia nodosa.
Absence of herbs, grasses and sedge species.
d) Mixed Marsh: Higher marsh species distributed throughout low marsh species. No consistent
coverage of either high or low marsh species (Figure 22A).
e) Low Marsh: Absence of rush species and a coverage of herbs, grasses and sedge species
typically found closest to the margin of the water body and at lower elevations (Figure 22D).
Common low marsh species include: Sarcocornia quinqueflora, Sporobolus virginicus and
Suaeda australis.
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Figure 23: Spatial mapping criteria for mainly closed ICOLLs which do not contain mangroves. Labels a – e corresponds to
spatial mapping criterion (Section 4.2.2). Individual vegetation figures courtesy of the Integration and Application Network,
University of Maryland Center for Environmental Science (ian.umces.edu/symbols/).

Unlike the other study locations, Lake Illawarra and Lake Tabourie contain mangroves. The
two species of mangrove found in south-eastern NSW (Avicennia marina and Aegiceras
corniculatum) were not differentiated when mapping. Accordingly, the lower elevation of the spatial
mapping criteria was aligned with the differences in vegetation (Figure 24).
f) Fringe Mangrove: Individual species or groups of mangroves, including seedlings. Contains
canopy gaps (>1 m) and are able to determine individual mangrove plants (example photo
Figure 22A).
g) Mangrove Forest: large, mature groups of mangroves with no large gaps (<1 m) in canopy.
Finally, for all study sites, areas which have clear zones of dead vegetation were exhibited with a
hollow orange polygon, overlaid over the vegetation layers mapped using the above criteria.
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Figure 24: Spatial mapping criteria for a typical open estuary. Labels a – g corresponds to spatial mapping criteria (Section
4.2.2). Figures courtesy of the Integration and Application Network, University of Maryland Centre for Environmental
Science (ian.umces.edu/symbols/).

4.2.3 Spatial analysis
For all vegetation maps, the area of the vegetation zones within each ICOLL was calculated
using the calculate geometry function. This enabled an assessment of the proportion of each zone as a
percentage of total vegetation as well as an assessment of the total vegetation within each ICOLL.
Additionally, vegetation polygons were correlated to Lidar ground elevations using the zonal statistics
tool in ArcGIS. Due to high water levels during Lidar collection, this method of analysis was only
possible on Lake Illawarra. Accordingly, the mean elevation of each vegetation zone within Lake
Illawarra was plotted to determine differences in elevation.
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4.3

Sample collection and analysis
Sediment analysis was undertaken to determine differences in carbon storage between study

sites and vegetation communities. The sampling design for each study ICOLL is shown in Figure 25.
Cores were collected from the study sites using below ground analysis techniques to assess carbon
storage and sediment characteristics (Figure 26). Cores were sub sampled before undergoing further
analysis.

Figure 25: Sampling design of the study.

Locations for coring were selected based upon the vegetation communities determined from
spatial analysis and depositional setting (Section 3.2). Suitable sampling locations were predetermined
through analysis of aerial imagery before entering the field. Not all locations were easily accessible
(e.g. due to the need for boat access) and sites for coring were confirmed once in the field. Coring
locations were marked using a Trimble real time kinematic (RTK) GPS and uploaded to ArcGIS
(Figures 27 – 30). During coring, a minimum of 1m depth was recommended to quantify carbon pools
(Saintilan et al. 2013; Howard et al. 2014). Accordingly, 1.5 m lengths of pipe were used and
manually hammered into the selected sites (Figure 26).
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Figure 26: Coring being undertaken. Photo by Kieren Northam.

Cores were taken within both the estuarine and alluvial deposits (Section 3.2) to enable
comparison between depositional settings and vegetation zone. Where possible four cores were taken
within each study site (Figures 27 – 30):


Alluvial Deposition: 1x Casuarina/Melaleuca (CM), 1x: high marsh (HM) species and 1x
low marsh (LM) species.



Estuarine Deposition: 1x entrance high marsh (E) OR 1x mangrove (FM) (if present).

Once collected, cores were labelled accordingly and kept in cold storage (3 – 5oC) until further
analysis. Limited boat access, as well as time constraints meant that no low marsh core was obtained
for Durras Lake. No Melaleuca species were found within Lake Illawarra.
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CM
HM

LM

FM

Figure 27: Lake Illawarra core locations (red circles), where CM: Casuarina, HM: high marsh, LM: low marsh, and, FM:
fringe mangrove.
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E

CM HM
LM

Figure 28: Lake Wollumboola core locations (red circles), where CM: Casuarina/Melaleuca, HM: high marsh, LM: low
marsh, and, E: entrance.
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CM
HM
LM
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Figure 29: Lake Tabourie core locations (red circles), where CM: Casuarina/Melaleuca, HM: high marsh, LM: low marsh,
and, E: entrance.
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HM
CM

E

Figure 30: Durras Lake core locations (red circles), where CM: Casuarina/Melaleuca, HM: high marsh, LM: low marsh,
and, E: entrance.

4.3.1 Subsampling
Before samples were further analysed, each core was subsampled at regular intervals (0-2 cm,
2-4 cm, 5-6 cm, 10-11 cm, 20-21 cm, 30-31cm etc.) down the length of the core. During subsampling,
small portions (0.5 - 1g) of each wet subsample were set aside to undergo grain size analysis once
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Loss on Ignition (LOI) was established. This was to match with the elemental analysis of % C
samples (Section 4.4.2). Grainsize portions were a consistent representation of the subsample. The
remaining, subsample was dried at 60oC for 48 hours.

4.3.2 Bulk density
Bulk Density (BD) varies down core and is necessary to determine soil carbon content
(Howard et al. 2014). BD was calculated using well established methods advocated by (Howard et al.
2014). Down core samples were collected using a syringe with a known internal diameter and
thickness of the sample, thereby enabling accurate determination of sample volume. Each BD syringe
sample was weighed pre and post drying (60oC for 48 hours). This enabled BD to be calculated using
the following equations (Equation 1, 2):
Equation (1):

𝐵𝐷 (𝑔𝑐𝑚−3 ) =

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 (𝑔)
𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑠𝑎𝑚𝑝𝑙𝑒𝑑 (𝑐𝑚3 )

Equation (2): Original volume sampled (cm3) = [π*(radius of core barrel)2*(depth of the sample, h)]
Once dried and weighed, BD samples were returned to their relevant subsample and used for further
analysis (Figure 31).

Figure 31: Subsampled sediments after drying. Small silver trays contain bulk density sample; larger trays contain majority
of sample for further analysis. Photo by Kieren Northam.

4.4

Carbon analysis
Several methods can be used to determine the organic carbon content of sediments (Section

2.4). Within this study, LOI and elemental analysis were used (Figure 25) as they present a cost
effective and well established method of carbon analysis. Funding and time constraints meant that not
all samples were able to undergo elemental analysis and representative samples were selected based
on their LOI values.
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4.4.1 Loss on Ignition (LOI)
Percent LOI was calculated to provide an indication of percent organic matter within each
sample. This was calculated for all cores, in accordance with the methodology of Ball (1964). 3-5 g of
each dried subsample was crushed and weighed before and after being placed into a furnace at 375oC
for a period of 16 hours.

4.4.2 Percent carbon analysis
A total of 45 samples were selected to be analysed for percent carbon (% C) based on their
LOI values (Figure 25; Appendix 3.1). A range of LOI values were selected, with 12 samples per
ICOLL from each core location (estuarine deposits, low marsh, high marsh and
Casuarina/Melaleuca). % C samples were sent to the Southern Cross University Environmental
Analytical Laboratory (EAL) for analysis. Analysis was completed for Total Organic Carbon (TOC)
using a LECO TruMac CNS Analyser.

4.4.3 Grain size analysis
Grainsize and sediment composition influences total soil carbon and was completed after LOI
was established using wet samples set aside in section 4.3.1. The analysed samples were the same as
those selected for percent carbon analysis. Grain size analysis was completed on a Malvern
Mastersizer 2000 in accordance with standard operating procedure. Prior to analysis, the organic
components of each sample were removed using concentrated hydrogen peroxide (H2O2). This
ensured that there was no organic component could be incorrectly detected as part of the clay fraction
during analysis (Shein et al. 2006).

4.4.4 Comparison of results and statistical analysis
Statistical analysis was undertaken using JMP Pro 11 with all tests completed using a 0.05
significance level. Data was tested for significance using general linear models (GLMs) and analysis
of variance (ANOVA).
To determine % C within a given sample, previous studies have established LOI conversion
equations for specific vegetation types (Craft et al. 1991; Owers et al. 2016a). The suitability of each
equation for this study was determined using matched pairs analysis. Quantitative % C from EAL was
compared against calculated % C from the established LOI equations, using the calculated LOI values
(Section 4.4.1). Based on these results, quantitative % C was used to create unique LOI equations for
each vegetation zone. Conversion equations were created using linear regression with % LOI as the
independent variable and % C the dependent variable. These equations were used to determine the
unknown % C values for each subsample, increasing the sample size.
Based on these results, carbon content (g C cm-3) was calculated for all cores, providing an
indication of carbon storage within each study site. Carbon content was calculated in accordance with
53

K Northam (2016)
methods by Howard et al. (2014), multiplying bulk density with % C. Down core carbon content was
calculated using a linear model between each known sub-sample, aggregating each centimetre
interval. A compaction factor was also accounted for in accordance with Howard et al. (2014),
enabling an uncompacted depth to be determined. Due to differences in the core depths, all cores were
calculated to a 95 cm uncompacted depth. Total carbon content was calculated in mega-grams of
carbon per hectare (Mg C ha-1).
Several statistical tests were undertaken to assess the validity of the assessment. % C and
carbon content were compared against each study site as well as each vegetation zone to determine if
there were any significant relationships. Normality was tested for % C (p = <0.0001) and carbon
content (p = <0.0001). Analysis on all subsamples was completed using a two-factor ANOVA with an
interaction effect to determine the significant difference between % C, carbon content and vegetation
zone by depth. The same process was also completed for study sites instead of vegetation zones.
Additional statistical analysis was also completed to determine the importance of grain size, sediment
composition, BD and depth. Using a GLM, these variables were assessed to determine their
relationship with % C and carbon content. Furthermore, changes in down core carbon content were
assessed for all cores using a partition model to split data into separate means at a certain depth. This
was run for all cores, with only certain cores exhibiting split means. For these cores the depth of the
split was then related to changes in grain size and sediment composition.
Total carbon content was established for low marsh, high marsh and Casuarina/Melaleuca
within each study site, enabling comparisons between vegetation zones. Total carbon content (Mg C)
within each cored vegetation zone was calculated by multiplying the total area (ha) of the relevant
vegetation zone (Section 4.3) with the respective cores carbon content per hectare (Mg C ha-1). Due to
time limitations in sample collection and analysis, coring was not undertaken in mixed marsh or
marsh forest zones. This was not further extrapolated to avoid erroneous estimates of carbon storage
within the study sites (Howard et al. 2014; Owers et al. 2016a).
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Chapter Five: Results
This chapter presents the findings of this study, aiming to determine if there is a significant
difference in carbon storage between the study ICOLLs, related to the entrance regime. The results
have been divided into four main sections. Section one (5.1) covers the entrance regime, section two
(5.2) covers the vegetation extent and distribution, section three (5.3) covers the sediment analysis and
section four (5.4) covers belowground soil carbon storage within each of the study ICOLLs.

5.1

Entrance regime
All of the studied ICOLLs have been artificially opened at some stage (Figure 32). Artificial

openings are common in Lake Tabourie. Likewise, Lake Illawarra underwent frequent artificial
openings before becoming trained in 2007. Comparatively, Lake Wollumboola and Durras Lake have
had more natural openings than artificial. At Lake Wollumboola, 50% of the artificial openings were
undertaken illegally. Table 13 indicates that within Lake Illawarra and Lake Tabourie entrance
opening occurred at lower water level ranges compared to Lake Wollumboola and Durras Lake.
Analysis of time of closure indicated that Lake Wollumboola was the most closed ICOLL over the
study period, while Lake Illawarra was predominantly open before entrance training. Lake Tabourie
was closed for approximately two thirds of the study period while Durras Lake was closed for a
slightly longer period than it was open. A full summary has been included in Appendix One.
35

Number of openings

30

Natural

Artificial

25
20
15
10
5
0
Lake Illawarra

Lake Wollumboola

Lake Tabourie

Durras Lake

Figure 32: Natural and artificial entrance openings for all ICOLLs until the end of June 2016. Figure is updated version of
Figure 23 in Perry (2014) p. 51, but includes the addition of Lake Illawarra. Records are from 1991 for Lake Illawarra and
Lake Wollumboola, 1992 for Lake Tabourie and 2000 for Durras Lake.
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Table 13: Entrance characteristics for the study sites. See Appendix one for full summary.

ICOLL

Records
start

Water level
range when
opening (m)

Natural Artificial Approximate Approximate
openings openings
time open
time closed

11 years, 5
months*
2 years, 1
Wollumboola
1991
1.664 – 2.619
4
3
month
7 years, 3
Tabourie
1992
0.87 – 1.785
6
23
months
6 years, 10
Durras
2000
1.343 – 2.296
5
3
months
*Total time open for Lake Illawarra does not include time after training in 2007.
Illawarra

5.2

1991

0 – 1.06

1

8

4 years, 5
months
20 years, 1
month
15 years, 8
months
7 years, 4
months

Vegetation extent and distribution

5.2.1 Spatial mapping
The following vegetation maps were produced (Figures 33 – 36).
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B

D
C

Figure 33: Lake Illawarra vegetation map, see Appendix 2.1 for detailed subsections (A-D). No
Melaleuca was observed within Lake Illawarra.
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Figure 34: Lake Wollumboola vegetation map, see Appendix 2.2 for detailed subsections (A-D).
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Figure 35: Lake Tabourie vegetation map, see Appendix 2.3 for detailed subsections (A-C).
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B

C

Figure 36: Durras Lake vegetation map, see Appendix 2.4 for detailed subsections (A-C).
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There are distinct differences in the vegetation zones between ICOLLs (Figure 37). Lake
Illawarra contained the greatest vegetation extent of Casuarina, marsh forest and high marsh. This
large extent within Lake Illawarra corresponds to the larger estuary area and catchment size (Table
14). The greatest areas of low marsh and mixed marsh were found within Lake Wollumboola and
Durras Lake. Lake Tabourie had the smallest total vegetation extent which corresponds to a small
estuary area (Table 14) and mature system (Section 3.2). High marsh areas were similar for all
ICOLLs except Lake Wollumboola which had a smaller extent.
1.2

Casuarina/Melaleuca

1

Marsh Forest
High Marsh
Mixed Marsh

Vegetation Area (km2)

0.8

Low Marsh
Fringe Mangrove

0.6

0.4

0.313x10-3

0.2

0
Lake Illawarra

Lake Wollumboola
Lake Tabourie
Study ICOLL

Durras Lake

Figure 37: Vegetation areas (km2) for each of the study ICOLLs, established from spatial mapping. Colours used match
vegetation mapping.

Vegetation zones were also assessed as a percentage of total vegetation (Table 14). The
vegetation within Lake Illawarra was dominated by Casuarina/Melaleuca and marsh forest, which
comprises more than 77% of all mapped vegetation. Comparatively, Lake Wollumboola had 58%
Casuarina/Melaleuca and marsh forest, Lake Tabourie 33% and Durras Lake 49%. High marsh was
the most abundant vegetation community in Lake Tabourie at 53.6 %. Small occurrences of
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mangroves were found within Lake Illawarra and Lake Tabourie, while no mangroves were present at
Lake Wollumboola or Durras Lake. Mapping also indicated that Durras Lake contained a significant
amount of dead vegetation (0.414 km2; Figure 36). Ratios of estuary area to vegetation area (Table 14
in km2 of estuary per km2 of vegetation) indicated that Lake Tabourie and Durras Lake had the
smallest ratios, meaning the greatest vegetation extents to estuary area. Conversely, Lake Illawarra
was significantly higher with 12.8 km2 of estuary per 1 km2 of vegetation.
Table 14: Vegetation areas for each of the study sites based on completed vegetation mapping.

Vegetation Zone

Lake Illawarra

Area (km2) (% of total area):
Lake
Lake Tabourie
Wollumboola
0.515 (45.6%)
0.050 (9.6%)
0.137 (12.1%)
0.125 (23.9%)
0.102 (9.0%)
0.275 (52.6%)
0.079 (7.0%)
0.051 (9.8%)
0.296 (26.2%)
0.022 (4.2%)
0 (0%)
0.313x10-3 (0.1%)
1.129
0.523
6.33
1.49
34.13
46.14

Casuarina/Melaleuca
1.089 (38.0%)
Marsh forest
1.123 (39.2%)
High marsh
0.315 (11.0%)
Mixed marsh
0.125 (4.4%)
Low marsh
0.208 (7.3%)
Fringe mangrove
7.07x10-3 (0.2%)
2.867
Total vegetation area
36.83
Estuary area*
238.43
Catchment area*
Ratio of
12.8
5.6
Estuary:Vegetation
* Estuary and catchment area taken from Roper et al. (2011).

Durras Lake
0.064 (5.1%)
0.552 (43.7%)
0.296 (23.5%)
0.145 (11.5%)
0.206 (16.3%)
0 (0%)
1.262
3.77
58.38

2.8

3

Spatial statistics correlating mapped vegetation zones to Lidar elevation was completed for
Lake Illawarra (Figure 38). There was a significant difference between the lower three vegetation
zones and the upper three. Marsh forest and Casuarina exhibited the highest elevation values of 1.96
m and 1.95 m respectively, with high marsh slightly lower at 1.86 m. Mixed marsh was the next
highest at 0.30 m while low marsh and fringe mangrove were both 0.14 m.

Mean elevation (m)

2.5
2
1.5
1
0.5
0
Fringe
mangrove

Low marsh Mixed marsh High marsh Marsh forest Casuarina
Vegetation zone

Figure 38: Mean elevation heights ± SE for mapped vegetation zones correlated to Lidar elevations at Lake Illawarra.
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Comparison between current and previous vegetation mapping indicated several changes
(Table 15). Mangrove area has increased in both Lake Illawarra and Lake Tabourie, while mangroves
have remained absent in Lake Wollumboola and Durras Lake. Previous mapping indicated that Lake
Wollumboola did not contain any mangrove or saltmarsh while current vegetation maps indicate a
significant area of saltmarsh, reasons for this are discussed in Section 6.1.2.
Table 15: Comparison of vegetation areas from spatial mapping against West et al. (1985) and Williams et al. (2006).

Vegetation
West et al.
zone
1985 (m2)
Mangrove
0
Lake
Saltmarsh
203000
Illawarra
Mangrove
0
Lake
0
Wollumboola Saltmarsh
Mangrove
0
Lake
Saltmarsh
1000
Tabourie
Mangrove
0
Durras Lake
Saltmarsh
46000
* Includes low high and mixed marsh zones.
Study Site

Williams et al.
2006 (m2)
57
302433
0
0
0
39511
0
170619

Current*
(m2)
7070
648698
0
476976
313
347563
0
646850

Current Low
marsh (m2)
207855
296031
21924
205553

5.2.2 Observations
In addition to spatial mapping, observations during reconnaissance and field work revealed a
number of trends in the vegetation within the study sites, which were not evident in the spatial
datasets. Observations are separated into two groups based on expansion and contraction of vegetation
zones. First, vegetation expansion was observed within Lake Illawarra, where mangrove seedlings
near the entrance were significantly more extensive than what appeared on aerial imagery (Figure
39D). Vegetation expansion was also observed within Lake Wollumboola which displayed evidence
of saltmarsh recovery over bare mudflats during the study period (Figure 39B). Small seedlings of
Sarcocornia quinqueflora were observed spreading over the mudflats within the back of the ICOLL.
Second, evidence of vegetation dieback was observed within both Lake Wollumboola and
Durras Lake. Lake Wollumboola exhibited evidence of dead Melaleuca within what was a low marsh
environment (Figure 39A). This was not visible in aerial imagery due to the thin upright nature of the
dead trunks. Additionally, Durras Lake displayed a history of Casuarina and Melaleuca death, with
evidence of both recent (Figure 39C) and earlier dieback (Figure 39E). Lake scale dieback events at
Durras Lake were spatially mapped.
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A

B

C

D

E

Stump

Figure 39: Photos from site reconnaissance showing A) dead Melaleuca within Lake Wollumboola; B) Saltmarsh recovery
over bare mudflats during low water levels at Lake Wollumboola; C) recent dead Melaleuca near the entrance of Durras
Lake; D) Extensive mangrove seedlings with several more mature plants near the entrance of Lake Illawarra; E) Old dead
trees within what is now low marsh at Durras Lake. Evidence of old stumps can be seen in the foreground. All photos taken
between May and August 2016 by Kieren Northam.
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5.3

Sediment Analysis
Within all subsampled cores (Table 15), Moisture Content, BD and LOI were found,

providing an indication of down core changes (Figures 40 – 54). Core codes included are referenced
in Appendix 3.2.
Table 16: Summary of collected core samples.

Location

Core vegetation zone
Low marsh
High marsh
Lake Illawarra
Casuarina
Entrance (fringe mangrove)
Low marsh
High marsh
Lake Wollumboola
Casuarina/Melaleuca
Entrance (high marsh)
Low marsh
High marsh
Lake Tabourie
Casuarina
Entrance (high marsh)
High marsh
Durras Lake
Casuarina/Melaleuca
Entrance (high marsh)

Soil carbon content (g cm-3)

Figure 40: Lake Illawarra Low Marsh (LI_LM) core analysis.
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Soil carbon content (g cm-3)

Figure 41: Lake Illawarra High Marsh (LI_HM) core analysis

Soil carbon content (g cm-3)

Figure 42: Lake Illawarra Casuarina (LI_CM) core analysis.
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Soil carbon content (g cm-3)

Figure 43: Lake Illawarra fringe mangrove (LI_FM) core analysis

Soil carbon content (g cm-3)

Figure 44: Lake Wollumboola low marsh (WB_LM) core analysis.

67

K Northam (2016)

Soil carbon content (g cm-3)

Figure 45: Lake Wollumboola high marsh (WB_HM) core analysis.

Soil carbon content (g cm-3)

Figure 46: Lake Wollumboola Casuarina/Melaleuca (WB_CM) core analysis.
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Soil carbon content (g cm-3)

Figure 47: Lake Wollumboola entrance (high marsh) (WB_ES) core analysis.

Soil carbon content (g cm-3)

Figure 48: Lake Tabourie low marsh (TB_LM) core analysis.
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Soil carbon content (g cm-3)

Figure 49: Lake Tabourie high marsh (TB_HM) core analysis.

Soil carbon content (g cm-3)

Figure 50: Lake Tabourie Casuarina/Melaleuca (TB_CM) core analysis.
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Soil carbon content (g cm-3)

Figure 51: Lake Tabourie entrance (high marsh) (TB_ES) core analysis.

Soil carbon content (g cm-3)

Figure 52: Durras Lake high marsh (DLSC1) core analysis.
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Soil carbon content (g cm-3)

Figure 53: Durras Lake Casuarina/Melaleuca (DLSC2) core analysis.

Soil carbon content (g cm-3)

Figure 54: Durras Lake entrance (high marsh) (DL_ES) core analysis.
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5.3.1 Grain size
Average grain size for cored vegetation communities within each of the four study ICOLLs
are presented in Table 17. Using a GLM, there was a significant relationship between grain size and
vegetation type (p < 0.0001). Additionally, there was a significant relationship between alluvial and
estuarine deposition and grain size (p < 0.0001) with higher grain size in the entrance cores. Sediment
composition analysis (Figure 55) indicated that there was a significant relationship between sand, silt
and clay with vegetation zone (p = 0.0012, p = 0.0026 & p = 0.0022 respectively).
Table 17: Summary of mean grain size analysis by depth. Results are from individual cores within the study sites.

< 30 cm depth

> 30 cm depth
Mean
Mean
Core
%
%
%
grain size
%
%
%
grain size
ICOLL
Location
Sand Silt
Clay (microns) Sand Silt
Clay (microns)
Entrance
81
17
2
212
94
6
0
358
Low marsh
16
68
16
16
52
41
7
58
Lake Illawarra
High marsh
32
58
10
31
68
27
5
130
Casuarina
59
35
6
65
76
21
4
141
Entrance
64
34
3
112
-*
-*
-*
-*
Lake
Low marsh
30
62
8
29
29
62
8
35
Wollumboola High marsh
23
63
13
20
44
50
6
45
Cas/Mel
45
49
6
45
20
63
17
16
Entrance
28
63
9
25
78
19
3
165
Low marsh
45
48
7
44
50
43
6
49
Lake Tabourie
High marsh
34
59
7
36
79
20
1
134
Cas/Mel
49
44
7
44
49
46
5
57
Entrance
64
35
2
101
94
6
0
325
Durras Lake
High marsh
43
49
8
44
52
41
7
63
Cas/Mel
34
59
7
32
23
62
16
18
* appeared to be primarily sand, significant shell material found in sample (see Figure 43).
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Lake Illawarra

Lake Wollumboola
Lake Tabourie
Study ICOLL

Casuarina

High marsh

Entrance

Casuarina

High marsh

Low marsh

Entrance

Casuarina

High marsh

Low marsh

Entrance

Casuarina

High marsh

Low marsh

Entrance

0

Durras Lake

Figure 55: Sediment composition analysis within the vegetation zones cored for each study site. Depth was not considered in
this figure.

5.4

Carbon analysis

5.4.1 LOI conversion equations
Using a matched pairs analysis, there was significant difference between the quantitative
estimates of carbon content and conversion equations for Craft et al. (1991) (p = 0.0008). There was
however, no significant difference compared to the estimates made by Owers et al. (2016a) (p =
0.2345). Consequently, this equation was compared to conversion equations created in this study, for
each of the four cored vegetation zones (Figure 56). A matched pairs analysis was completed
comparing the estimates from the conversion equations to the quantitative % C from EAL (p =
0.7910). Based on these results, the LOI conversion equations developed by this study were used for
further analysis, due to their higher p value compared to Owers et al. (2016a), as well as the advantage
of a localised measure. Using these equations (Figure 56), all LOI values for all unknown samples
were converted to % C, significantly increasing the number of estimates from 45 to 132. By
increasing the sample size, the power of subsequent statistical tests was increased.
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Entrance
y = 0.6676x - 0.2716
R² = 0.9759
Low marsh
y = 0.3968x - 0.0451
R² = 0.9188
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R² = 0.8494
High marsh
y = 0.5401x - 0.4282
R² = 0.9906
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Figure 56: LOI conversion equations developed in this study. Graph shows the relationship between percent carbon (% C)
and percent LOI (% LOI) for Casuarina/Melaleuca (brown triangle), entrance (orange cross), high marsh (green circle) and
low marsh (pink square).

5.4.2 Carbon storage
Using a two factor ANOVA with an interaction effect, there was a significant relationship
between % C and vegetation zone (p = 0.0187), as well as with depth (p < 0.0001; Table 18).
ANOVA was used because the data showed a normal distribution once LOI was converted to % C
(Section 5.3.2). Carbon content analysis indicated a significant relationship between all variables
(Table 18). Differences in % C and carbon content between study sites by depth indicated that study
site had a significant relationship with carbon content (p = 0.0039), but not % C (p = 0.0507; Table
19). Comparisons between entrance and alluvial depositions indicated that there was no significant
difference in % C (p = 0.8362) or carbon content (p = 0.1982).
Table 18: Two-way ANOVA output using an interaction effect testing significance of vegetation zone. Significant results in
bold.

Response Variable
Predictor Variable
Percent carbon (% C)
Model
Vegetation zone
Depth
Vegetation zone x Depth
Error
Carbon content (g C cm-3)
Model
Vegetation zone
Depth
Vegetation zone x Depth
Error

df

SS

F

p

r2

7
3
1
3
124

1220.12
207.25
701.63
1.61
2480.99

8.7117
3.4528
35.0675
0.5024

<0.0001
0.0187
<0.0001
0.8440

0.33

7
3
1
3
124

0.01582
0.002692
0.01036
0.001742
0.01835

15.2786
6.0644
70.0313
3.9636

<0.0001
0.0007
<0.0001
0.0103

0.46
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Table 19: Two-way ANOVA output using an interaction effect testing significance of study site. Significant results in bold.

Response Variable
Predictor Variable
Percent carbon (% C)
Model
Study Site
Depth
Study Site X Depth
Error
Carbon content (g C cm-3)
Model
Study Site
Depth
Study Site X Depth
Error

df

SS

F

p

r2

7
3
1
3
124

1051.20
170.95
840.51
75.37
2649.91

7.0271
2.6664
39.3307
1.1757

<0.0001
0.0507
<0.0001
0.3218

0.28

7
3
1
3
124

0.01386
0.002303
0.01165
0.00009763
0.01835

12.0849
4.6868
71.1190
0.1986

<0.0001
0.0039
<0.0001
0.8971

0.41

Using a GLM, no significant relationship was found between mean grain size and % C (p =
0.1313). There was however, a significant relationship between grain size and carbon content (p =
0.0282) where carbon content decreased with increasing grain size. Analysis of individual sediment
components indicated that neither sand or silt had a significant relationship with % C (p = 0.1474, p =
0.0946 respectively), but did with carbon content (p = 0.0085, p = 0.0057 respectively). Clay
however, did not have a significant relationship with % C (p = 0.8237), or, carbon content (p =
0.1311).
Depth had a significant relationship with both % C (p < 0.0001) and carbon content (p <
0.0001), with the highest carbon content closer to the surface. Accordingly, partitioning of cores
indicated that four of the cores analysed had split means (Table 20). This was correlated to mean grain
size (Figure 57) and sediment composition (Figure 58). Increased grain size was associated with a
decrease in carbon content for all four cores except Durras Lake Casuarina/Melaleuca (Figure 57).
Likewise, sediment composition indicated that sand content increased while silt declined between the
upper and lower partition zones in all cores except Durras Lake Casuarina/Melaleuca (Figure 58).
Table 20: Partition depths for cores with split means. Mean one is above partition depth while mean two is below.

Study Site

Vegetation Zone

Lake Illawarra
Lake Wollumboola
Durras Lake
Durras Lake

Low marsh
High marsh
Casuarina/Melaleuca
Entrance (high marsh)

Partition
depth (cm)
41.16
33.63
34.04
41.28

% C Mean 1
± SD
1.806 ± 1.22
1.720 ± 1.58
8.836 ± 5.90
12.83 ± 12.9

% C Mean 2
± SD
0.214 ± 0.12
0.998 ± 1.92
1.998 ± 0.82
0.3795 ± 0.34
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350
300

Upper core

250

Lower core

200
150
100
50
0
Lake Illawarra (low marsh) Lake Wollumboola (high
marsh)

Durras Lake (Casuarina)

Durras Lake (entrance)

Study site (vegetation zone)
Figure 57: Comparison of mean grain size for each partition where grey represents upper core and black lower core. Splits
are Lake Illawarra (low marsh) = 41.16 cm, Lake Wollumboola (high marsh) = 33.63 cm, Durras Lake (Casuarina) = 34.04
cm & Durras Lake (entrance) = 41.28 cm.
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marsh)

Sand

Silt

Clay

Sand

Silt

Clay
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Figure 58: Sediment composition (%) grain size for each partition where grey represents upper core and black lower core.
Splits are Lake Illawarra (low marsh) = 41.16 cm, Lake Wollumboola (high marsh) = 33.63 cm, Durras Lake (Casuarina) =
34.04 cm & Durras Lake (entrance) = 41.28 cm.

5.4.3 Variation in carbon storage
There were distinct differences in carbon storage (Mg C ha-1) between vegetation zones as
well as between study sites (Figure 59; Appendix 3.2). Carbon storage per hectare was highest within
Casuarina/Melaleuca zones for all study sites except Lake Illawarra. High marsh was also
consistently high within all study sites. There were distinct differences in the carbon storage between
low marsh and high marsh environments, which contained significantly more carbon. Lake Illawarra
did not display a large difference in carbon storage between the vegetation zones while Durras Lake
displayed a large difference between the entrance and Casuarina/Melaleuca as well as high marsh.
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Lake Illawarra*
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Lake Tabourie

Durras Lake

Study site
Figure 59: Comparison of soil carbon storage (Mg C ha-1) for each core within each study site. Low marsh was not sampled
in Durras Lake due to limited access.

* Lake Illawarra’s entrance core corresponds to fringe mangroves while all other entrance cores
were taken in high marsh at the entrance.
Total carbon storage (Mg C) varied within each vegetation zone and was related to the
vegetation extent (Figure 60). Lake Illawarra contained the greatest total carbon storage for the
sampled vegetation zones despite having the lowest carbon storage per hectare for Casuarina and
high marsh. A large vegetation area resulted in the greatest overall storage. Similarly,
Casuarina/Melaleuca within Lake Wollumboola contained a significant amount of carbon due the
relatively high carbon storage and extent. Due to the limited extent of Casuarina/Melaleuca within
Lake Tabourie and Durras Lake, this zone did not contribute a significant amount to the total carbon
storage, despite a high carbon storage per hectare. Mangroves in Lake Illawarra contributed very little
to the total carbon store due to their low soil carbon content and small extent. There were distinct
differences in the carbon storage between high marsh and low marsh communities. High marsh
contained the greatest carbon storage at Lake Tabourie and Durras Lake.
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Figure 60: Total carbon storage (Mg C) for each sampled vegetation zone within each study ICOLL
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5.5

Summary
The results aimed to establish the impact of entrance regimes on vegetation extent and carbon

storage. Entrance regimes within the study sites were highly variable and all sites have experienced
artificial openings. Of the study sites, Lake Illawarra represented the most managed of the study
ICOLLs while Lake Tabourie experienced the highest rate of entrance opening and closure.
Vegetation mapping indicated that there were distinct vegetation zones within the study ICOLLs, with
large expanses of Casuarina/Melaleuca within all study ICOLLs except Lake Tabourie, which had a
large area of high marsh. Comparison of current vegetation mapping with previous studies revealed
increased saltmarsh and mangrove extents. The greatest increases in saltmarsh occurred within Lake
Wollumboola which previously had no saltmarsh recorded. Mangrove expansion occurred in Lake
Illawarra while small occurrences were recorded within Lake Tabourie.
The LOI conversion equation established by Owers et al. (2016a) was not significantly
different to quantitative % C from EAL. Comparison with four LOI conversion equations developed
for each major vegetation zone cored indicated that these equations more closely aligned with the
EAL calculated % C. Sediment composition analysis revealed that sand and silt had a significant
impact on % C and carbon content, while clay did not. % C and carbon content also had a significant
relationship with vegetation zone and depth. Carbon content varied with study site, whereas
differences in % C between study sites were not significant. Comparison between estuarine and
alluvial deposition indicated that carbon storage did not vary significantly with depositional setting.
There was however, more carbon storage within high marsh and Casuarina/Melaleuca. Overall,
analysis of carbon storage per hectare indicated that Durras Lake and Lake Tabourie had significantly
higher carbon storage per unit of area in their Casuarina/Melaleuca and high marsh cores. Lake
Tabourie also had a high soil carbon content at the entrance. Total carbon storage (Mg C), however,
was found to be highest in Lake Illawarra and was related to its greater vegetation extent compared to
the other study ICOLLs.

K Northam (2016)

Chapter Six: Discussion
This chapter discusses the key findings of this study and consists of four sections with
reference to the hypotheses. Section one (6.1) discusses if management of ICOLL water levels at
lower than natural breakout level will lead to a terrestrialisation of vegetation. Section two (6.2)
discusses if more open ICOLLs exhibit differences in vegetation communities and carbon storage
compared to more closed entrances. Section three (6.3) assesses these findings to determine if there is
a relationship between frequency of entrance opening and carbon storage within the study sites. The
management implications of this study are then evaluated in section four (6.4) which also contains the
limitations for the study undertaken.

6.1

Terrestrialisation of ICOLL vegetation
It was hypothesised that the management of ICOLL entrances limits the natural range of

water levels, causing a drying out, and, associated shift in vegetation at high elevations. This process,
which is defined as terrestrialisation, would be reflected in vegetation zones within the more managed
ICOLLs and has important implications for carbon storage.

6.1.1 Identification of managed ICOLL entrances
In order to assess the terrestrialisation of estuarine vegetation, analysis of the entrance regime
for each study site was completed to determine the frequency of artificial and natural openings. Of the
study sites, Lake Illawarra’s entrance regime indicates a history of artificial openings since 1988,
before entrance training in 2007. Consequently, Lake Illawarra is an example of a highly managed
entrance which no longer experiences extremes in water levels (Figure 62; Baxter & Daly 2010;
Young et al. 2014). Likewise, Lake Tabourie has a highly managed entrance having opened 29 times
since 1992, 23 of which were artificial openings. It has a natural variation in water levels of 2.4 m
AHD, which is suppressed by artificial openings to between 0.87 – 1.785 m (Table 13), as well as
four decades of entrance management (Spurway & Associates Pty Ltd 2005). In contrast, Lake
Wollumboola and Durras Lake have higher trigger values, are infrequently artificially opened and
exhibit a greater range of water levels. The results indicate that Lake Wollumboola is the most closed
of the study ICOLLs, while Durras Lake was open for longer periods between closures. Given the
greater proportion of natural opening events, water levels within these latter systems tend to vary
naturally and are not limited by entrance management.
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Figure 61: Daily mean water levels within Lake Illawarra, indicating a reduction in maximum height since entrance training
in 2007. Comparison made with Sydney Harbour (green line) which is an open tidal inlet (Young et al. 2014).

Comparison with the entrance analysis by Haines (2006) indicated that Lake Wollumboola,
Lake Tabourie and Durras Lake were classified as mainly closed systems, with Durras Lake
considered the most open of the three. The results from this study support this assessment (Table 13).
The ECI, which considers the proportion of time closed, does not, however, provide an indication of
opening frequency. This is considered important within the context of this study due to the dramatic
changes to an ICOLLs environment over a short time which occur as a result of entrance opening
(Ribeiro et al. 2013).

6.1.2 Comparison of vegetation extents
Changes in vegetation extent as a result of entrance management were assessed through
vegetation mapping and, in the case of Lake Illawarra, correlation to Lidar ground elevations. Several
studies have proposed that increased artificial openings benefit dryland species at higher elevations
(Haines 2008; Stephens & Murtagh 2012; Ribeiro et al. 2013). Analysis of vegetation mapping
indicates that there is a smaller percentage of low marsh within Lake Illawarra (7.3 %) and Lake
Tabourie (4.2 %), compared to Lake Wollumboola and Durras Lake (26.2 % and 16.3 %
respectively). It is possible that suppressing maximum water level variation caused a reduction in low
marsh extent as higher elevation species expand. Greater expanses of high marsh, which are adapted
to lower salinities and less frequent inundation (Naidoo & Kift 2006), may be a consequence of
entrance management. Within Lake Illawarra, correlation of Lidar ground elevations with vegetation
zones indicates a distinct step between the elevations of mixed marsh and high marsh communities
(Figure 38). This higher step may become dominated by Casuarina as water level maximums no
longer inundate higher elevations and higher marsh species, which require irregular inundation
(Naidoo & Kift 2006), shift coastwards. Additionally, mangroves within both Lake Illawarra and
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Lake Tabourie may have caused a reduction of low marsh extent (Rogers et al. 2006; Comeaux et al.
2012; Saintilan et al. 2014; Kelleway et al. 2016b). When assessing vegetation within Lake Tabourie,
the smaller vegetation areas, compared to the other study sites may also be a function of its maturity,
which is correlated to a decline in species richness (Roy et al. 2001).

6.1.3 Inferences from non-managed entrances
Evidence of terrestrialisation can also be observed within more natural ICOLLs in the form of
dead Casuarina and Melaleuca (Section 5.2.2). Analysis of dead vegetation provides important clues
to the temporal changes which have occurred within these systems. Dead vegetation in Durras Lake
and Lake Wollumboola may be a product of vegetation expansion during periods of mainly low water
levels (Riddin & Adams 2008) which is then killed due to prolonged inundation, linked to entrance
closure (Whitfield et al. 2008). If water levels remained low or were suppressed by entrance
management, it is likely that the dead vegetation within Lake Wollumboola and Durras Lake would
have remained alive, presuming that prolonged inundation caused the death. A history of dead
vegetation was observed within Durras Lake, which is potentially evidence of a cyclic manner of
expansion and contraction of Casuarina and Melaleuca related to the entrance regime. Studies have
investigated the impacts of submergence on Melaleuca ericifolia seedlings (Salter et al. 2007; Salter
et al. 2010). Melaleuca seedlings are tolerant of sediment waterlogging at low salinities but unlikely
to survive prolonged submergence or high salinity (Salter et al. 2007). Additionally, seedling
establishment was negatively influenced by high water levels (Salter et al. 2010). Consequently,
periods of prolonged high water levels and changes in salinity within both Durras Lake and Lake
Wollumboola may cause Melaleuca seedlings to die, and limit further expansion. Studies on
vegetation response to entrance regime indicate that low marsh species tend to die after a period of
more than 3 months underwater (Whitfield et al. 2008). The lack of dead vegetation within Lake
Tabourie and Lake Illawarra is likely a product of entrance management and evidence of
terrestrialisation. Any vegetation expansion which occurred within the more managed Lake Illawarra
and Lake Tabourie, has not been killed by prolonged inundation. This is linked to entrance
management, which prevents water levels becoming too high and inundating higher elevation species.
Overall, vegetation death within Lake Wollumboola and Durras Lake can be used to infer differences
in the vegetation profiles as a result of entrance management.

6.1.4 Importance of vegetation mapping
Mapping of spatial variation is important as it enables the structural complexity of estuarine
vegetation to be captured (Owers et al. 2016b). By capturing estuarine vegetation structure, this study
completed mapping at a complexity which was not evident within previous vegetation mapping of the
study sites (West et al. 1985; Williams et al. 2006). Previous vegetation mapping has focused on three
main categories (seagrass, saltmarsh and mangrove) which overlooks any complexity and structural
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variation within these systems. This is especially important when considering carbon storage, which is
variable across estuarine vegetation (Chmura et al. 2003). Furthermore, including Casuarina and
Melaleuca within spatial mapping enabled greater understanding of how these species contribute to
carbon storage within ICOLLs. This was particularly important given the high soil carbon content
found in Casuarina/Melaleuca by this study and in Casuarina by Owers et al. (2016a).
Identifying variations in vegetation structure enabled differences in the distribution of
ecosystem services to be delineated. Within saltmarsh species, the hydrological position in the
intertidal zone results in substantial differences in below ground carbon storage (Choi and Wang
2004). This has important implications for artificial openings which limit natural breakout levels
within ICOLLs, potentially shifting the hydrological position of estuarine vegetation. Previous
mapping has grouped all morphological forms of saltmarsh together, limiting the ability to extrapolate
carbon storage to a vegetation zone or estuary, and any ignoring spatial or structural variation. The
lack of structural variation means that differences in the measures of carbon storage are not captured.
By mapping low, mixed and high marsh, estimations of carbon storage for these vegetation zones are
more accurate and take variations in carbon storage between zones into account. This study assessed
carbon storage within low and high marsh zones, which enabled structural and spatial variation,
related to carbon storage to be determined. Capturing the distribution and extent of these zones
provides important information on their spatial and structural variability, related to the entrance
regime.
The variable nature of water levels, which is inherent in ICOLLs, limits the ability to compare
vegetation mapping over time. Furthermore, ICOLL vegetation is likely to be adjusting to the current
water levels, as the composition and extent of vegetation zones change in response to the entrance
regime (Riddin & Adams 2008; Whitfield et al. 2008). An example of the importance of water levels,
occurred when mapping estuarine vegetation within Lake Wollumboola. Previous mapping (Table 14)
indicated no saltmarsh was present, while current mapping delineated large areas of saltmarsh (476
976 m2). The large difference between current and previous vegetation mapping was a product of
water levels (Shoalhaven City Council 2010). Figure 62 (below) displays the distinct differences in
water levels between 2014 (left) and 2015 (right). Had this study completed vegetation mapping based
on the 2015 imagery, the total saltmarsh extent would have more closely reflected previous studies.
This study used 2014 imagery when mapping as this most closely matched water levels and
vegetation extents during site visits. The importance of the entrance regime on, not only estuarine
processes, but also spatial mapping is highlighted by this example. When comparing vegetation
mapping within other ICOLLs, similar fluctuations in water levels and the variable nature of the
vegetation may result in changes to visible vegetation extent, making comparison between any
previous vegetation mapping problematic unless the lake levels are also known.
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Figure 62: Water level differences in Lake Wollumboola between 2014 (left) and 2015 (right) imagery, red circles indicate
coring locations during lower water levels which correlate to (from left to right) Casuarina/melaleuca, high marsh and low
marsh zones.

In addition to differences in ICOLL water levels, the methods used in previous vegetation
mapping make it invalid to compare the approaches over time. Techniques used for spatially mapping
vegetation have significantly changed since West et al. (1985), and continued to improve since
Williams et al. (2006). This study combined aerial imagery with Lidar data where possible and
focused on four ICOLLs. Previous studies have demonstrated higher classification accuracies of
spectrally similar species when using Lidar data and multispectral imagery (Chust et al. 2008).
Consequently, differences in the methods used may result in different accuracies of spatial mapping,
linked to vegetation extents. Given the variable water levels, vegetation responses and differences in
spatial mapping techniques, any vegetation mapping within ICOLLs may only be useful for
comparing within datasets and not over a temporal scale.

6.2

Differences between more open and more closed ICOLLs
It was hypothesised that there would be a difference in carbon storage between ICOLLs

which are more open and those which are mainly closed. Both natural and artificial openings impact
vegetation within ICOLLs. The key difference is that artificial openings typically occur more
frequently and at a lower water level (Ribeiro et al. 2013).
The results indicated that mangrove species were present within the more open Lake Illawarra
and the frequently open Lake Tabourie. This was related to the entrance regime and had important
implications for carbon storage. The results also indicated that carbon storage within Lake Illawarra’s
mangroves (86 Mg C ha-1) was on the lower side of values found within the literature (55 – 1376 Mg
C ha-1; Howard et al. 2014; IPCC 2014). Within Lake Illawarra, it is likely that entrance training has
facilitated mangrove expansion via a consistent tidal regime and stable salinity profile. Mangroves
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may continue to expand into low marsh areas following an increase in tidal range throughout the lake
(Young et al. 2014). As mangroves expand, carbon sequestration may become reduced if mangrove
root formation enhances redox potential (Comeaux et al. 2012), or, become enhanced due to increased
rates of sequestration (Howe et al. 2009). Encroachment of mangroves into saltmarsh will likely result
in substantial increases in intertidal biomass and belowground carbon stores (Kelleway et al. 2016b).
Previous studies have shown that it takes carbon storage in recently colonised mangrove zones around
20 years to become functionally equivalent to established mangrove zones (Osland et al. 2012).
Unlike Lake Illawarra, Lake Tabourie is not permanently open to the ocean, but, does
experience a significant level of artificial openings. Accordingly, it is likely that frequent entrance
openings have enabled small occurrences of mangroves to become established within the entrance
channel. It is unknown if mangroves will expand or contract within Lake Tabourie, as this is
dependent upon entrance regime. Prolonged inundation has adverse effects on Avicennia marina
(Choy & Booth 1994), limiting habitat suitability within Lake Wollumboola and Durras Lake.
Furthermore, mangroves are typically absent in ICOLLs which are closed more than 20 % of the time
(Garside et al. 2014), as mangroves rely upon periodic tidal inundation. Provided that artificial
openings remain isolated events within Lake Wollumboola and Durras Lake, it is unlikely that
mangroves will become established.
The implications for changes in water levels on vegetation profiles have been discussed above
(Section 6.1) in reference to terrestrialisation. From a carbon storage perspective, the results indicate
that Casuarina/Melaleuca cores contain a significant amount of carbon storage. It is unknown if the
drying out of high elevations due to artificial openings will result in changes to net carbon storage. It
is likely, however, that carbon accretion will decline at higher elevations which are no longer
intermittently inundated, as inundation patterns and vegetation characteristics change (Morris et al.
2002). These rates of accretion are dependent upon both vegetation community and elevation of that
community with respect to water levels (Saintilan et al. 2013). Consequently, within more managed
ICOLLs, the rate of carbon accretion at higher elevations may decrease, but is unlikely to stop
entirely. Studies on the lowering of the water table within a freshwater wetland indicate a net shift of
soil carbon into woody biomass (Sulman et al. 2009). Whether this mechanism also occurs within
estuarine ecosystems which are no-longer inundated is unknown, as literature tends to focus on
increased inundation with sea-level rise. Within naturally opening ICOLLs, a drying out of vegetation
at higher elevations may not occur as natural entrance regimes intermittently inundate higher
elevations during closure.
It is likely that carbon accretion will decrease at higher elevations within Lake Illawarra and
Lake Tabourie due to a lack on inundation. Waves, tides and currents are able to laterally transport
material, related to the hydrodynamic setting. These processes are responsible for the introduction and
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removal of organic material from coastal wetlands, nourishing oceanic food chains and contributing to
carbon storage through sediment deposition (Guo et al. 2009). Carbon transport and sequestration is
also influenced by adjacent terrestrial and marine ecosystems (Howard et al. 2014), which has limited
connectivity within ICOLLs during entrance closure. Carbon sequestration rates are directly
associated with sedimentation rates (Chmura 2011), vegetation community (Saintilan et al. 2013), and
elevation (Sifleet et al. 2011). The results indicate that Lake Wollumboola contained less soil carbon
content in all vegetation zones compared to the more open Lake Tabourie and Durras Lake. This may
be due to a lack of oceanic exchange for extended periods during entrance closure. Overall, carbon
deposition and storage is estuary specific and the implications for ICOLLs, which are frequently
devoid of tidal influence or exhibit managed entrances, have not been investigated.

6.2.1 Conversion equations
LOI conversion equations developed for this project provided a localised measure of % C.
Previous studies have demonstrated strong linear relationships between LOI and elemental analysis
(Wang et al. 2012). This study utilised these linear relationships to assess the differences in carbon
storage within the vegetation zones for the study sites. Within the literature, a range of % C to LOI
ratios have been recorded. Consequently, the use of one standardised conversion equation introduces a
potential source of error (Howard et al. 2014). The conversion equation by Craft et al. (1991) was
developed for saltmarsh in North Carolina, USA, and did not provide a reliable measure of % C based
on LOI values within the study sites. A more local equation, however, developed by Owers et al.
(2016a), did provide a statistically reliable estimation of % C. This equation was developed within
Currambene Creek, which is located on the NSW coastline between Lake Wollumboola and Lake
Tabourie. Similarities in estuarine vegetation and climate between these locations may account for
this correlation. Despite the reliability of the saltmarsh conversion equation from Owers et al. (2016a),
this study developed its own conversion equations for each of the vegetation zones that were cored.
This was to account for differences in vegetation communities not accounted for in Owers et al.
(2016a). Additionally, this has an advantage over using predetermined equations, as the structural
variation between the vegetation zones are able to be captured within separate equations for each
vegetation zone that was cored.

6.3

Relationship between entrance regime and carbon storage
It was hypothesised that there is a relationship between entrance regime and carbon storage.

The results indicate that carbon storage corresponds to vegetation zone, which varies in extent
between study sites. There are distinct differences in the soil carbon content of the same vegetation
zone between the study sites. For example, Casuarina/Melaleuca contained three times more carbon
storage in Durras Lake (374 Mg C ha-1) compared to Lake Illawarra (118 Mg C ha-1) and more than
double Lake Wollumboola (169 Mg C ha-1). Importantly, these findings show that upscaling of carbon
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storage over an entire estuary, or, between estuaries will be erroneous and provide a poor
representation of total carbon storage. Due to the large number of variables which were not tested for
that exist within ICOLLs, the influence of the entrance regime was not able to be isolated when
assessing carbon storage. Hence, differences in carbon storage highlight the variability between
ICOLLs due to the individual characteristics of each system.
While the influence of the entrance regime was not isolated, this study found that geomorphic
setting is an important factor when assessing carbon storage (Saintilan et al. 2013; Kelleway et al.
2016a). The results indicate that sediment composition and grain size had a significant impact on
carbon storage. Sand was found to have an inverse relationship with carbon content, which was linked
to geomorphic setting. Artificial entrance management increases sand shoaling at an ICOLL’s
entrance (Haines 2008). Previous studies have indicated that fluvial carbon storage is two times higher
than marine geomorphic sites (Kelleway et al. 2016a). Conversely, this study found that there was no
significant difference in carbon content between estuarine and alluvial depositions. There was,
however, a significant difference in grain size between alluvial, which usually contain finer
sediments, and estuarine depositions, which are typically sandier. Consequently, grain size was found
to have a significant influence on soil carbon content and is linked to differences in carbon storage
between entrance and fluvial cores.
The greatest carbon storage in an entrance core was found in Lake Tabourie. This was likely
due to a higher silt content, especially within the upper 30 cm of the core. Silts and muds exhibit a
greater carbon retention, which is a product of differences in plant biomass between settings (Saintilan
et al. 2013). Comparatively, the results indicate that carbon storage was low within the entrance cores
at Lake Illawarra, Lake Wollumboola and Durras Lake. This was due to the larger grain size and sand
content, especially at greater than 30cm depths (Table 16), both of which have an inverse relationship
to soil carbon content. Within Lake Wollumboola, low carbon storage in the entrance reflects the
findings of Murray and Heggie (2002) who found higher TOC concentrations within the central mud
basin and fluvial sands compared to marine sands. Within Durras Lake, entrance core partition depths
indicate a significant increase in grain size past a depth of 41.3 cm, associated with a significant
decline in carbon storage down core (Table 20). Both fluvial and marine dominated settings in this
study display a decline in soil carbon storage with depth, a result also found by Kelleway et al.
(2016a). Overall, variation in geomorphic setting, related to sediment characteristics and the entrance
regime influence soil carbon storage within the study sites.

6.4

Management implications
ICOLLs need to be well understood for the implementation of sustainable management

practices (Haines 2008). Lake Illawarra, with its trained entrance, had the least carbon storage in all
vegetation zones, compared to the other ICOLLs. Lake Tabourie, however, had higher carbon storage
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in all vegetation zones compared to Lake Wollumboola, which has a more natural entrance regime
and is mainly closed. Durras Lake, which is open for longer periods of time than Lake Wollumboola
or Lake Tabourie, but less than Lake Illawarra, contained the greatest carbon storage. These results
highlight the highly variable carbon storage in the same vegetation community between different
ICOLLs. It is likely that isolated artificial opening events will not have a significant impact on the
vegetation (Spurway & Associates Pty Ltd 2005), as these fall within the natural variation. Ongoing
entrance management, however, especially at low threshold levels will result in changes to the
vegetation profiles as vegetation adjusts to a new water level maximum. More research is needed over
a temporal scale to establish if suppressing maximum water levels influences net carbon storage.
An important management implication of the findings is the high level of carbon storage
within Casuarina/Melaleuca zones. They contain significant carbon stocks which have been largely
ignored within current literature. The high carbon content in these zones may be a product of gradual
infilling within the ICOLL, which captures carbon within a previously lower marsh environment. An
understanding of the provenance of carbon sequestration would benefit this analysis. If carbon is
sequestered from current ecosystems, entrance management has important implications for
maintaining this carbon storage. A further consideration for total carbon storage in more open
ICOLLs relates to increases in mangrove extent. It is likely that these increases will result in greater
carbon storage over time. It is unknown however, if the constriction of estuarine vegetation related to
a more open entrance, will cause a net loss of carbon at higher elevations within ICOLLs. Nor is it
known if increases in mangrove extent, and the associated carbon storage, will offset any losses of
carbon at higher elevations.
This projects aims to provide a baseline from which future changes in both distribution and
composition of vegetation, as well as carbon storage can be measured. The spatial mapping criteria
developed for this study has considerable scalability and could be expanded to other ICOLLs and
estuaries within NSW. Compared to previous mapping, this mapping criteria has the advantage of
capturing more structural and spatial variation. Such mapping, on a scale that relates to property
boundaries, would be valuable for councils and developers when planning developments within
coastal communities (Chmura 2011). It would also assist with identifying areas of high conservation
value (Owers et al. 2016b). The spatial mapping criteria is also advantageous over previous mapping,
as it provides a more accurate assessment of the spatial variation in carbon storage, related to
vegetation zones (Chmura et al. 2003; Choi & Wang 2004; Owers et al. 2016a; Owers et al. 2016b).
Using these methods, the results presented by this study represent an important baseline. These results
would benefit coastal managers, as well as assist with assessments of future changes in the
composition and distribution of vegetation and long term carbon storage.
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One limitation of this study was due to the coring regime. Carbon storage was not captured
within mixed marsh and marsh forest zones. This prevented upscaling of carbon content from these
vegetation zones to calculate total carbon in each of the study sites. It also limited comparisons to
focus on differences between vegetation zones. This however, was not considered to be a problem, as
extrapolations over an estuary tend to ignore spatial variation (Owers et al. 2016a; Owers et al.
2016b), both between, and within vegetation zones. Several previous studies have indicated that
carbon storage is not spatially homogenous between species (Chmura et al. 2003; Choi & Wang 2004;
Guo et al. 2009; Saintilan et al. 2013; Owers et al. 2016a). Consequently, by focusing on soil carbon
storage per hectare, this study assesses the relative contribution of each vegetation zone that was
cored, and recognises that these values are spatially variable.
A key knowledge gap, which was not addressed by this study due to time constraints, is
gaseous fluxes in estuarine ecosystems. Within the study sites, cycles of wetting and drying with
varying salinity related to the entrance regime, will likely impact microbial communities and carbon
decomposition. Atmospheric methane fluxes have a strong negative correlation with long term soil
salinity (Bartlett et al. 1987). High methane emissions can occur at salinities up to 14-18 ppt (Bartlett
et al. 1987; Poffenbarger et al. 2011). This is important from a management perspective, as ICOLLs
may emit methane during low salinity periods due to entrance closure. It is possible, however, that
prolonged inundation will decrease methane emissions (Juutinen et al. 2003), highlighting the
complex interactions that occur within ICOLLs. More research is needed to correlate these fluxes to
the intermittent wetting and drying cycles.
This study is unaware of any previous studies directly assessing the relationship between
entrance regime and carbon storage within NSW ICOLLs. A key limitation of this study is the number
of factors which operate within ICOLLs. They are extremely complex environments and their
vegetation is influenced by biological, chemical and physical factors making isolating the influence of
the entrance regime difficult to determine. This is further complicated by variations between study
sites.
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Chapter Seven: Recommendations and Conclusions
The aim of this study was to identify the effect of different entrance regimes on ICOLL
vegetation composition and distribution, linking this to carbon storage. The study revealed that
managed ICOLL entrances were more likely to exhibit terrestrialisation of vegetation at higher
elevations, compared to more natural ICOLLs. This was linked to the limiting of natural water level
variation by artificial entrance openings. Water levels during artificial openings in Lake Illawarra and
Lake Tabourie were found to be lower than the breakout heights of natural openings within Lake
Wollumboola and Durras Lake. While this study did not assess temporal changes due to
terrestrialisation, the current vegetation profiles indicated the overall effect of higher elevations drying
out due to entrance management. This trend was also reflected in areas of dead vegetation, which
provide evidence of vegetation expansion and contraction within naturally open ICOLLs compared to
more managed ICOLLs. Limiting of the natural water level variation through artificial openings may
decrease carbon accumulation at higher elevations. This study also demonstrated the importance of
accurately capturing spatial variation within estuarine vegetation, associated with differences in
carbon storage. Furthermore, it was demonstrated that comparisons to previous vegetation mapping
within ICOLLs was problematic due to differences in water levels, vegetation responses to water
levels and spatial mapping techniques.
This study identified several vegetation zones which were important carbon stores.
Comparisons of carbon storage within vegetation zones indicated that Casuarina/Melaleuca contained
the greatest carbon storage in all ICOLLs except Lake Illawarra. The relative contribution of this
vegetation zone to blue carbon has been largely ignored by previous literature. ICOLLs with managed
entrances were more likely to contain mangroves compared to more closed ICOLLs. The supporting
literature indicates that mangroves are likely to increase carbon storage within these systems. By
developing LOI conversion equations for each of the vegetation zones that were cored, this study
showed that these conversion equations enabled a more accurate conversion of organic matter to
carbon content compared to established general equations.
The study demonstrated high variability in carbon storage within vegetation zones. Results
showed considerable differences in carbon storage in the same vegetation zones between the studied
ICOLLs, indicating how the individual characteristics of each ICOLL, including the entrance regime,
influence carbon storage. The study also found that sediments with larger grain size, related to
geomorphic setting, contained less carbon, a pattern reflected within previous studies. This study
showed that carbon storage within ICOLLs represented a complex interaction of physical, chemical
and biological factors. Consequently, any upscaling or generalisations of carbon storage, based on
limited samples is erroneous. Overall, the findings from this study provide a valuable baseline from
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which future changes can be measured. Based upon these results, this study makes a number of
recommendations.
First, where possible future Lidar acquisition should be collected during low water levels
within ICOLLs. Lidar enables a greater insight into the impacts of water level rise on vegetation zones
and more effective coastal planning (Chmura 2011). Within ICOLLs, acquiring Lidar during low
water levels would enable the maximum topography to be captured. Vegetation zones could then be
correlated to Lidar ground elevations. The effectiveness of such a method has been demonstrated by
this study within Lake Illawarra. Applying this method to multiple ICOLLs would facilitate a more
accurate assessment of differences in ICOLL vegetation, linked to the entrance regime. Furthermore,
upper boundaries of vegetation communities could be correlated to Lidar elevation to assess if
terrestrialisation is occurring within more managed ICOLLs. Consequently, vegetation mapping by
this study provides an important point from which future changes in these systems can be measured,
correlating these zones to Lidar elevations.
Second, this study demonstrated that estuarine vegetation zones within ICOLLs contain high
levels of carbon storage and represents a viable method of climate change mitigation. This is despite
the lack of research on the potential for estuarine vegetation to lose carbon due to terrestrialisation, or,
from vegetation death due to inundation. Consequently, this study recommends that greater protection
of these systems be incorporated into estuary management and policy. Furthermore, this study
recommends that more research should be undertaken to assess carbon storage within Casuarina and
Melaleuca forests. These systems contain considerable soil carbon content, as demonstrated by this
study, and represent a relatively understudied area of carbon sequestration and storage.
Third, where possible the natural entrance regime should be maintained within NSW
ICOLLs. As shown by this study, natural entrance regimes do not limit water levels and may prevent
terrestrialisation of estuarine vegetation at higher elevations. Accordingly, in order to maintain a
natural entrance regime, any future developments on the fringes of an ICOLL’s water body should be
built above the maximum natural range of water levels. This should be incorporated into the Local
Environmental Plans (LEP) for each relevant council and involve rezoning of the areas around
ICOLLs. This would prevent the need for frequent artificial openings, as is the case for Lake
Tabourie. Furthermore, preventing developments on low lying areas would provide several
environmental, economic and social benefits. For example, the natural variation in water levels is
maintained, councils do not have to pay for frequent entrance openings and local residents are not at
risk of flooding. Based on this study, it is also recommended that increased information on ICOLL
trigger levels to be incorporated into relevant Coastal Zone Management Plans (CZMPs). This study
also shows that the management of an ICOLLs entrance regime should be assessed on a site by site
basis.
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Appendix One: Entrance records
1.1 ICOLL entrance regime record from water level
ICOLL

Max
Height (m)

Date Open

Natural/
Artificial

Date
Closed

Period Open

Period
Closed

Illawarra

Mar-88

-

-

-

-

-

Illawarra

Jun-91

-

Natural

3 years

Mid-June 1994

11 months

Illawarra

18/05/1995

1.06

Artificial

2 years, 3 months

28/08/1997

11 months

Illawarra

28/07/1998

0.75 (0.70)

Artificial

4 years, 1 month

16/08/2002

4 months

Illawarra

19/12/2002

-0.08

Artificial

<1 month

22/12/2002

5 months

Illawarra

15/05/2003

0.97

Artificial

9 months

17/02/2004

3 months

Illawarra

6/04/2004

0.80 (0.85)

Artificial

6 months

4/10/2004

<1 month

Illawarra

26/10/2004

0.85 (0.920)

Artificial

5 months

5/06/2005

<1 month

Illawarra

1/07/2005

0.86 (0.920)

Artificial

4 months

20/11/2005

1 year, 5 months

Illawarra

25/04/2007

0.91

Artificial

Trained

-

-

Wollumboola

13/04/1994

2.197

Artificial

3 months

9/07/1994

4 years, 4 months

Wollumboola

8/08/1998

2.595

Natural*

6 months

20/02/1999

7 years, 5 months

Wollumboola

28/07/2006

2.458

Artificial*

7 months

12/02/2007

4 years, 1 month

Wollumboola

23/03/2011

2.208

Artificial (Illegal)

5 months

12/08/2011

1 year, 10 months

Wollumboola

27/06/2013

2.464

Artificial (Illegal)

3 months

2/09/2013

1 year, 11 months

Wollumboola

25/08/2015

2.619

Natural*

1 month

23/09/2015

6 months

Wollumboola

5/06/2016

1.664

Natural

-

Tabourie

4/12/1992

0.91

Artificial

4 months

20/03/1993

1 year, 1 month

Tabourie

13/04/1994

1.077

Artificial

4 months

12/08/1994

10 months

Tabourie

16/06/1995

1.037

Artificial

<1 month

19/06/1995

3 months

Tabourie

1/09/1996

1.289

Artificial

2 months

24/11/1996

4 months

Tabourie

5/03/1997

1.097

Artificial

2 months

2/05/1997

1 month

Tabourie

27/06/1997

1.105

Artificial

1 month

16/07/1997

3 months

Tabourie

8/10/1997

1.079

Artificial

4 months

11/02/1998

4 months

Tabourie

16/06/1998

0.87

Artificial

8 months

23/02/1999

5 months

Tabourie

6/07/1999

0.729

Artificial

4 months

13/11/1999

1 year

Tabourie

13/11/2000

1.041

Artificial

4 months

10/03/2001

5 months

Tabourie

23/08/2001

0.727

Artificial*

1 year, 6 months

15/02/2003

1 year, 8 months

Tabourie

22/10/2004

1.077

Artificial

2 months

31/12/2004

7 months

Tabourie

8/07/2005

1.154

Artificial

<1 month

25/07/2005

1 year

Tabourie

21/07/2006

1.12

Artificial*

3 months

20/10/2006

1 year, 4 months

Tabourie

11/02/2008

1.046

Artificial*

<1 month

24/02/2008

2 years, 10 months

Tabourie

2/12/2010

1.137

Artificial*

<1 month

15/12/2010

7 months
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Tabourie

20/07/2011

1.124

Artificial*

1 month

23/08/2011

5 months

Tabourie

1/03/2012

0.877

Artificial*

1 month

23/04/2012

2 months

Tabourie

15/06/2012

1.197

Artificial

1 month

24/07/2012

9 months

Tabourie

12/10/2012

1.029

Natural*

1 month

8/11/2012

5 months

Tabourie

29/04/2013

1.161

Natural?

2 months

16/06/2013

6 months

Tabourie

25/06/2013

1.546

Natural*

5 months

3/11/2013

<1 month

Tabourie

10/04/2014

1.156

Artificial*

< 1 month

18/04/2014

5 months

Tabourie

21/06/2014

1.166

Artificial*

2 months

29/08/2014

2 months

Tabourie

15/10/2014

1.273

Natural*

3 months

27/01/2015

4 months

Tabourie

1/05/2015

1.150

Artificial*

< 1 month

22/05/2015

2 months

Tabourie

21/07/2015

1.129

Artificial*

1 month

22/08/2015

<1 month

Tabourie

25/08/2015

1.219

Natural*

7 months

27/03/2016

2 months

Tabourie

5/06/2016

1.785

Natural

-

Durras

6/02/2002

1.593

Natural

1 year, 7 months

10/09/2003

1 year, 10 months

Durras

5/07/2005

1.719

Artificial (Illegal)

9 months

10/04/2006

10 months

Durras

24/06/2007

1.7

Artificial

1 year, 2 months

18/08/2008

2 years, 10 months

Durras

20/06/2011

1.78

Artificial

1 year, 1 month

20/07/2012

3 months

Durras

12/10/2012

1.343

Natural

8 months

3/06/2013

< 1 month

Durras

26/06/2013

1.577

Natural

1 year

2/05/2014

1 year, 3 months

Durras

26/08/2014

1.895

Natural*

7 months

8/04/2015

5 months

Durras

25/08/2015

2.296

Natural*

-

-

-

NB: Table is an expansion of analysis completed by Perry (2014). Asterisk (*) indicates that the
nature of the opening was inferred from profiles with no supporting record.

1.2 Lake Illawarra entrance record
The following observations were reported in the Lake Illawarra Estuary Management Study and
Strategic Plan, March 2006 (WBM Oceanics Australia 2006, p. 10).
Year
1988
1989
1990
1991
1992
1993
1994

1995

Observations
Entrance open in March, Minor flood in April, Lake level rises to 1.4m AHD
No record
No record
Major flood in June, Lake level rises to 1.9m AHD. Entrance open till end of year.
Entrance open, increased water level early February, open for rest of the year.
Entrance open, Tidal range reduces in August, September, increase slightly again in
December.
Tidal range decreases from January till mid March when the entrance is significantly
restricted. By mid June the entrance appears to be closed and stays that way until the end of
the year.
Entrance closed from January to end of May when the LIA opens it due to increase in Lake
water level. Entrance open from end of May till end of year.
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1996

1997
1998

1999

2000

2001

2002

2003

2004

2005

Entrance open with similar range from January till mid July. Range then decreases and
entrance restricted till Lake level increases early September and entrance range increases
again till end of year.
Entrance range reduces from January till mid May where it is all but closed. Entrance
closed by late August and stays that way till end of year.
Entrance remains closed until LIA opens the Lake around 3:30 pm on 28 July due to
flooding concerns (opening made to the north of Windang Island). Lake level rise in early
August, at which time the entrance is scoured. Minor flood in mid August, Lake level rises
to 1.2m AHD. Channel migrates south and around December Lake was open to north and
south of Windang Island. Range declines from August till end of year
Entrance open but small range. Northern opening closes off around March. Range reduces
through till May when it is significantly restricted. Stays this way until September. Work
on the southern training wall commences in November.
Entrance remains restricted during construction of the southern wall. Big seas in June &
July breach the Perkins Beach berm, opening the entrance. Entrance remains open for
remainder of year. Work on the southern training wall finished in November. Significant
flow in channel through the shallow swimming area. Main Channel infilling with sand.
Entrance open. Channel flow through the shallow swimming area reduces as sand restricts
outflow through downstream gap. Low level causeway constructed from Ocean St boat
ramp to southern training wall and main channel re-dredged. Entrance remains open for
remainder of year.
Entrance channel starts to close off. Freshwater flood in February scours entrance channel.
Extended dry period and big seas results in entrance closure on 16 August. Lake levels drop
as drought continues. LIA attempts to open the Lake on 19 December at 3 pm due to
concerns about water quality in the shallow swimming area over the summer holiday
period. Entrance remains open for 3 days before closing.
Drought continues. In January, entrance blocked and Lake levels down to 0.4m below
normal levels. Moderate to heavy rainfall in the catchment in May raises Lake levels. LIA
opens entrance at 12 pm (noon) on 15 May. Water level at tome of opening is 0.97m AHD.
Lake remains open for remainder of year although restricted.
Lake closes mid February. Big seas in late February results in overtopping of the entrance
berm and the southern training wall connecting to Windang Island. LIA constructs ‘wet
notch’ late March to facilitate opening. Heavy rain early in April raises water levels in the
Lake. The LIA opens the Lake at 1:30pm on Tuesday 6 April. Water level at time of
opening is 0.8m AHD. Lake remains open until the long weekend in October when big seas
close Lake, about 4 October. Heavy rain from 18 to 20 October raised water levels in the
Lake. LIA opens lake at 12pm (noon) on 26 October. Water level at time of opening is
0.85m AHD. Lake remains open for remainder of year.
Lake Closes early June. LIA constructs wet notch late June to facilitate opening. Moderate
to heavy rain on 30 June raises water levels. LIA opens entrance at 3pm on 1 July. Water
level at time of opening is 0.86m AHD. Lake remains open until mid November when is
closes.
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Appendix Two: Vegetation Mapping
Refer to section 5.2.1 for overview maps.

2.1 Lake Illawarra

Figure 63: Lake Illawarra section A.
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Figure 64: Lake Illawarra section B.
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Figure 65: Lake Illawarra section C.
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Figure 66: Lake Illawarra section D.
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2.2 Lake Wollumboola

Figure 67: Lake Wollumboola section A.
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Figure 68: Lake Wollumboola section B.
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Figure 69: Lake Wollumboola section C.
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Figure 70: Lake Wollumboola section D.
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2.3 Lake Tabourie

Figure 71: Lake Tabourie section A.
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Figure 72: Lake Tabourie section B.
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Figure 73: Lake Tabourie section C.
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2.4 Durras Lake

Figure 74: Durras Lake section A.
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Figure 75: Durras Lake section B.
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Figure 76: Durras Lake section C.
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Appendix Three: Carbon Analysis
3.1 Results from Southern Cross University Environmental Analytical
Laboratory

RESULTS OF SOIL ANALYSIS
45 samples supplied by University of Wollongong on 31st August, 2016 - Lab Job No. F2939
Analysis requested by Kieren Northam. Your Project: TOC
(Northfields Avenue WOLLONGONG NSW 2522).

TOTAL CARBON
SAMPLE ID

Job No.
Method

DL_ES 2-4
DL_ES 5-6
DL_ES 50-51
DLSC1a 0-2
DLSC1a 20-21
DLSC1b 90-91
DLSC2a 0-2
DLSC2a 2-4
DLSC2b 20-21
LI_CM 2-4
LI_CM 10-11
LI_CM 40-41
LI_FM 2-4
LI_FM 10-11
LI_FM 50-51
LI_HM 0-2
LI_HM 2-4
LI_HM 40-41
LI_LM 0-2
LI_LM 10-11
LI_LM 70-71
TB_CM 2-4
TB_CM 40-41
TB_CM 80-81
TB_ES 0-2
TB_ES 2-4
TB_ES 90-91
TB_HM 0-2
TB_HM 2-4
TB_HM 60-61
TB_LM 0-2
TB_LM 2-4

F2939/1
F2939/2
F2939/3
F2939/4
F2939/5
F2939/6
F2939/7
F2939/8
F2939/9
F2939/10
F2939/11
F2939/12
F2939/13
F2939/14
F2939/15
F2939/16
F2939/17
F2939/18
F2939/19
F2939/20
F2939/21
F2939/22
F2939/23
F2939/24
F2939/25
F2939/26
F2939/27
F2939/28
F2939/29
F2939/30
F2939/31
F2939/32

(% C)
LECO TruMac CNS Analyser

26.90
7.95
0.42
5.74
3.84
0.94
18.00
11.00
2.41
4.30
0.67
0.18
0.53
0.11
1.81
20.10
5.21
0.18
3.63
1.82
0.07
5.42
0.70
2.21
9.57
4.43
1.67
12.20
7.83
1.03
2.58
1.88
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TB_LM 40-41

F2939/33

1.02

WB_CM 0-2
WB_CM 2-4
WB_CM 50-51
WB_ES 2-4
WB_ES 5-6
WB_ES 10-11
WB_HM 2-4
WB_HM 50-51
WB_HM 110-111
WB_LM 0-2

F2939/34

23.90
12.70
0.33
4.94
6.47
2.24
3.75
0.28
0.36
3.42

WB_LM 40-41
WB_LM 50-51

F2939/44

F2939/35
F2939/36
F2939/37
F2939/38
F2939/39
F2939/40
F2939/41
F2939/42
F2939/43

0.30
0.34

F2939/45

Notes:
1: ECEC = Effective Cation Exchange Capacity = sum of the exchangeable Mg, Ca, Na, K, H and Al
2: Exchangeable bases determined using standard Ammonium Acetate extract (Method 15D3) with no
pretreatment for soluble salts. When Conductivity ≥0.25 dS/m soluble salts are removed (Method 15E2).
3. ppm = mg/Kg dried sample
4. Exchangeable sodium percentage (ESP) is calculated as sodium (cmol +/Kg) divided by ECEC
5. All results as dry weight DW - samples were dried at 40oC for 24-48hrs prior to crushing and analysis.
6. Aluminium detection limit is 0.05 cmol+/Kg; Hydrogen
detection limit is 0.1 cmol+/Kg.
However for calculation purposes a value of 0 is used.
7. For conductivity 1 dS/m = 1 mS/cm = 1000 µS/cm
8. 1 cmol+/Kg = 1 meq/100g
9. Methods from Rayment and Lyons, Soil Chemical Methods - Australasia

3.2 Carbon storage from core analysis
ICOLL

Lake Illawarra

Lake
Wollumboola

Lake Tabourie

Durras Lake

Vegetation zone
Fringe Mangrove
Low marsh
High marsh
Casuarina
Low marsh
High marsh
Casuarina/Melaleuca
Low marsh
High marsh
Casuarina/Melaleuca
Low marsh
High marsh
Casuarina/Melaleuca

Carbon
storage
(Mg C ha-1)
73.94157
103.4243
124.1202
118.1743
76.27594
134.6983
168.8142
110.3856
250.8691
251.186
278.7052
373.8122

Vegetation
area
(ha)
0.707
20.8
31.5
108.9
29.6
10.2
51.5
2.2
27.5
5
20.6
29.6
6.4

Total Carbon
storage
(Mg C)
52.27399
2151.225
3909.786
12869.18
2257.768
1373.922
8693.93
242.8484
6898.901
1255.93
8249.674
2392.398
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